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CHAPTER 1 

INTRODUCTORY SYNOPSIS OF PROGRESS 

The tasks that were assigned easily divide themselves into five general 
categoreis, and this final report is organized around them. Cnapters 1 and 2 
deal with various aspects of the tesk dascription and summary of results. 
Chapter 2, which is a collection of Task Description contributions to the 
annual Materials Processing in Space inventory book, tends to highlight the 
activities of each year. 

2. Electrophoresis technology 

Resarch on ground based electrophoresis technology was performed in 
support of the ground-based methods used in calibrating* testing, and analysing 
methods and materials used or to be used in space and in support of fundamental 
electrophroesis reserach in cell biolgoy and on candidate human kidney cell 
lots. Chapters 3-8 summarize progress in electrophoresis technology. 

3. Cell culture technology 

Highlights of this aspect of the project tasks were the evaluation of a 
new antimycotic, a relatively crucial item in space electrophoresis, as it 
turns out, and the evaluation of medium used in freezing and electrophoresis of 
cells. Only two chapters, 9 and 10, were prepared for final reporting, 

4. Electrophoresis of cells 

This activity was by far the major activity of the project, and 
substantial progress is being reported in understanding the electrophoresis 
process as it applies to cells. Chapters 11 - 19 detail assessemenbts of 
buffers and the role of cell parameters in density greadient, free flow, and 
microgravity electrphoresis. 

5. Urokinase assay research 

One of the major objectives of this research was the development of a 
single-cell method of UK positive cells. Several udner graduate student 
projects were associated with this activity. Substantial parts of chapters 20, 
21, and 22 have heen written by undergraduate students. At the time of 
closing, this problem was on the verge of being solved by flow cytometery, 

6. Zero-g electrophoresis 

Research was conducted in support of analysis, cell selection, basic 
principles of electrophoresis, and testing of materials and methods used or to 
be used in microgravity experiments. Chapters 23-29 detail the results of 
pre-flight and post flight research and analyses, and a number of scientific 
articles have been, or are about to be published. As many of these were 
included among these chapters as was reasonable. Others have ben written 
mainly by coauthors at JSC and MSFC and are therefore not included. 
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7, Flow cytometry investigations 

This task was added, part way through the 6-year project and was not amonf, 
the original tasks, This powerful method turned out to strongly support the 
microgravity electrophoresis effort (Chapter 31), and light scattering 
measurements as a sorting tool for live kidney cells holds very great promise 
(Chapter 30), Chapters 30-32 represent many of the findings to date, hut more 
were being discovered at the close of the contract period. It can be stated in 
general that kidney cells do appear to have a light scattering signature relted 
to their function. 

CONCLUSIONS 

The above 7 tasks have were undertaken in support of two objectives: to 
carry out electrophoresis experiments on cells in microgravity and to assess 
the feasibility of using purified kidney cells from embryonic kidney cultures 
as a source of important cell products. Although both of these questions still 
remain somewhat open, ja great deal has been learned about the electrophoretic 
subpopulations of embryonic kidney cells, and there has been considerable 
progress in the development of a coapbility in microgravity cell 
electrophoresis , 


Chapter 2, 
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Task Descriptions for the Catalog of Tasks 
for the Materials Processing in Space Program 


The Pennsylvania State University 

FAUL M. ALTHOUSE LABORATORY 
UNIVERSITY PARK, PENNSYLVANIA 16802 


College of Science 
Department of Microbiology, Cell Biology, 
Biochemistry and Biophysics 


Area Code 814 
865-5497 


January 8, 1982 


Dr. Robert Naumann 
ES-71 

Marshall Space Flight Center 
Huntsville, AL 35812 

E? ear Bob , 

In response to your letter of December 31, 1981, concerning our page in 
the 1982 Catalog of Tasks for the Materials Processing in Space program, I 
would like to suggest the following changes: 

1. Funding level: I think this is now about twice the amount shown 

in the 1981 catalog, but the project is funded in irregular 
increments so I do not know how to report an annual dollar amount. 

Maybe it is best to check with JSC. 

2. Paragraph 2, item (4) change to: (4) development of standard 

cells, standard cell culture methods, and standard urokinase 
assay procedures. 

3. The entire final paragraph can be updated as follows: 

Cells from cultures .obtained from 26 commercially-prepared explants 
have been studied with respect to electrophoretic mobility distribution, 
growth in culture, and urokinase production. The testing of various 
electrophoresis buffers, which also must be used as a medium for freezing 
viable cells, has indicated that the low ionic strength required for 
effective electrophoresis in microgravity experiments compromises the 
viability of the cells. A buffer designated "D-l", which contains DMSO 
and EDTA, is phosphate buffered, and is made isotonic with sucrose has 
been chosen for use in microgravity experiments. Optimum culturing con- 
ditions for urokinase production by cells in monolayer have been established. 
In close collaboration with Johnson Space Center a human kidney cell 
explant designated "HEK-8514" has been chosen for microgravity experiments. 

In close collaboration with Michael Reese Research Foundation in Chicago, 
procedures have been established for urokinase assay of cultures derived 
from cells separated in microgravity experiments, which will take place 
on Shuttle 0FT-3 mission. 


AN EQUAL OPPORTUNITY UNIVERSITY. 



Dr. Robert Naumann 
January 8, 1982 
2 . 


Bibliography: P. Todd, W. C. Hymer, L. D. Plank, G. M. Marks, M. E. Kunze, 

V. Giranda and J. N. Mehrishi,. Separation of functioning mammalian cells 

by density-gradient electrophoresis. In Electrophoresis *81 , Ed. R. C. 

Allen and P. Arnaud, W. DeGruyter Co., NY, 1981. 

By the way, as a result of USRA activities I was asked to write a short 
letter to headquarters concerning what I could find out about the selection of 
macromolecular candidate materials for NASA-sponsored experiments using the 
MDAC electrophoretic separator aboard Shuttle. A copy is enclosed for you. 

Finally, could you please send us two copies of Jacob Savage's report. 
Preparation of Guinea Pig Macrophages for Electrophoretic Experiments in Space, 
NASA CR- 158777 (N79-27814/NSP) . Many thanks. 

If there are any problems with the catalog entry, please let me know. 

Sincerely, 


Paul Todd 

Professor of Biophysics 

PT: th 
Enclosure 



N85-31746 
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Task Description for the 1983 catalog of tasks for 
the Materials Processing in Space Program 


Edited by 

Elizabeth Pentecost 
ES71 

George C. Marshall Space Flight Center 
Marshall Space Flight Center, Alabama 35812 • 

January, 1983 


Kidney Cell Electrophoresis 

Pennsylvania State University 
Dr. Paul Todd 
NAS 9 -155 8 4 $60K/year 
Continuing task 


The objective of this investigation is to repeat the MA-011 experiment 
under conditions which are optimum for the viability of human kidney cells and 
most favorable for the best possible electrophoretic separation of those few 
(about 5%) cells which produce urokinase or human granulocyte conditioning 
factor (HGCF) , and erythropoietin. 

This study effort will perform the gound-based research necessary to 
establish all of the optimum experimental conditions required to accomplish 
the best possible electrophoretic separation of human kidney cell fractions 
which produce urokinase, granulocyte stimulating factor, or erythropoietin. 

This overall effort will include: (1) development of optimum buffer systems, 

(2) viability tests, (3) ground-based research on electrophoretic mobilities, 

(4) development of standard cells, standard cell culture methods, and standard 
urokinase assay procedures, (5) acquisition of the ground control data to be 
compared with results using cells returned from the electrophoretic separations 
carried out in microgravity, and (6) ground-based research on the electrophoretic 
mobilities of suspended pituitary cells (last task added in 1982). 

Cells from cultures obtained from 32 commercially-prepared explants have 
been studied with respect to electrophoretic mobility distribution, growth in 
culture, and urokinase production. The testing of various electrophoresis 
buffers, which were also used as the medium for freezing viable cells in 
Shuttle flight STS-3, indicated that their low ionic strength compromised cell 
viability somewhat, and the buffer "D-l" , which contains EDTA and DMSO, was 
used in the microgravity experiments involving electrophoresis of human kidney 
cells and test particles (fixed human and rabbit red blood cells) . Ground-based 
electrophoretic characterization of human kidney cell line ' : HEK-85l4 t ' was 
accomplished prior to the STS-3 flight, as was the characterization of the test 
particles. Procedures for post-flight analysis had been established and evaluated 
prior to the flight. These were not implemented, owing to the well-known post- 
flight accidental loss of the samples . 
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Post-flight analysis of the test-particle electrophoresis data recorded 
on film during the STS- 3 flight has been accomplished. A time-sequence photograph ^ ? 
(Figure 1) shows the progression of the human red blood cell band along the V 

column during electrophoresis in flight. Optical density scans of the negatives 
of these photographs, provided by Johnson Space Center, were analysed by 
computer, and ground-based laboratory studies were carried out to simulate the 
conditions of flight'. These studies indicated that the migration rate of cells 
in space is predictable on the basis of temperature and ionic strength of the 
”D-1" buffer than was used. 


Collaborations with Johnson Space Center and Michael Reese Research Foundation 
in Chicago continue. Their purpose is the preparation of human kidney cell 
electrophoresis experiments that will utilize the McDonnell-Douglas continuous- 
flow electrophoretic separator (CFES) aboard future STS flights under the MDAC-NASA 
Joint Endeavor Agreement. Media and buffers suitable for this purpose are under 
investigation, and a very-low- ionic- strength triethanolamine electrophoresis 
buffer is being evaluated as is a serum-free or low-seftim medium in which cells 
can both multiply and produce urokinase. Media are being screened by the fibrin- 
plate assay method, in which, as Figure 2 shows, urokinase activates the dissolution 
of a blue-stained fibrin clot resulting in a clear '"lysis zone”, the area of which 
is related to urokinase activity. In collaboration with Dr. W. C. Hymer of The 
Pennsylvania State University a task to perform ground-based electrophoretic studies 
on suspended rat pituitary cells has begun, and results to date indicate a unimodal 
electrophoretic mobility distribution of this cell population, which is otherwise 
very heterogeneous. Separations of this cell type in microgravity using CFES 
are anticipated. 


PUBLICATIONS 



M. E. Kunze and P. Todd. Evaluation of Econazole as an antifungal agent in 
quantitative cell culture experiments. In Vitro (in press, 1983). 

P. Todd, W. D. Hymer, L, D. Plank, G. M. Marks, M. E. Kunze, V. Giranda, and J. 
M. Mehrishi. Separation of functioning mammalian cells by density-gradient 
electrophoresis. In "Electrophoresis 'SI” (Ed. R. C. Allen and P. Arnaud) , 
Walter De Gruyter Co., Berlin, 1981, pp. 871-882. 
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Figure 1. Sequence of photographs taken at 11 minute intervals on Shuttle 
flight STS-3 during electrophoresis of fixed human and rabbit red blood cells as 
test particles. The band of human red calls can be seen moving from left to right 
as time progresses. 



Figure 2. Lysis zones in blue-stained fibrin clots as a means of demonstrating 
urokinase activity in the medium of urokinase-producing cultured human kidney cells. 


The Pennsylvania State University 

PAUL. M. ALTHOUSE LABORATORY 
UNIVERSITY PARK. PENNSYLVANIA 16302 


College cf Science 
Biochemisiry, Microbiology. 
Molecular and Cel! Biology 


27 July, 1983 

Hr. Salvatore J. Grisaffe 
EN-1 

National Aeronautics and Space Administration 
Washington, D. C. 20546 

Dear Hr . Grisaf f e: 

In reply to your letter of July 19, 1983, I enclose a “capsule" summary of 
our project “Kidney Cell Electrophoresis'*. I did not receive your letter sent 
in early June requesting a reply by June 14. I understand that a headquarters 
briefing involving these “capsuie" summaries has already occurred but that you 
are still receiving the summaries. I hope that ours will still be useful to 
you . 

I hope that sometime during the nest few months it will be possible to 
discuss this work, and other MPS projects as well, with Mr. Halpern. Workers 
in the field are appreciative of efforts of this type on the part of 
Headquarters leadership. If there is any additional information that you need 
please contact me at 814-865-0242. 

Sincerely yours, 

(PckJL 

Paul Todd 


Area Code 814 
865-5497 


AN EQUAL OPPORTUNITY UNIVERSITY 
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Living cell purification by electrophoresis 


• Ob jectives : Characterization and optimization of electrophoretic separation of human 

kidney cells and pituitary cells at zero-g and in the laboratory. 


Major Gaps in Technology 
Major Scientific Questions 


Major Benefits if Fill 
and Answer Questions 


Gaps 


Can zero-gravity electrophoresis 
of living cells produce greater 
quantities of a purer product 
than other means of purifying 
living cells that cannot be 
cloned for the indefinite pro- 
duction of differentiated 
progeny? 


Production of purified cell 
types for in vitro mass pro- 

(uro- 


duction of biologicals 
kinase from human kidney cells, 
for exam*. le) or implantation in 
vivo (growth hormone from 
pituitary cells, for example. 


• dew Understanding/Technology Expected from Overall Effort 

Understanding of the role of gravity in electrophoretic cell purifications and the relativt 
merits of electrophoresis in comparison to other cell purification methods. 


Approach * j n collaboration with Johnson Space Center and W. C. Hyraer: Cultured 

human kidney cells and freshly-suspended rat pituitary cells are studied with respect 
to electrophoretic mobility distributions and viability under conditions of 1-g and 
zero-g electrophoresis. Effects of buffer composition, ionic strength, temperature, 
storage conditions, suspending method, and starting material are under investigation. 
The materials were chosen for study because they produce some of the world’s most 
demanded cell products. Model materials in electrophoresis experiments are fixed 
human and rabbit erythrocytes, chosen because they have been extensively characterized 
electrokinetically . 


: Cist of other current 
k ;*rcxally supported) 
r i:hed . 


related efforts (Government or 
and brief description of approach 


v's'ihy did you choose vour model material 


or real material? 


1 / 


FOR THIS PROJECT 


PIHG&NAL 

OE 'POOR QUALITY 


Key Progress/Impact Made to Pats; Preflight experimentation and post-flight 
(Mode 1/Da t a/Pr ed ic tions/Proper t i es/Etc . ) 

laboratory analysis was completed for the EEVT experiments on Shuttle flight STS— 3 
(kidney cells and fixed erythrocytes) . Preflight experimentation is nearly complete 
for the CPES experiments on Shuttle flight STS-8 (kidney and pituitary cells) . 


* Other Outputs: Papers/Presentations/Patsnts/Awacds (list 

attached) 


* Program Nov; in Category: I II III IV 


f 


Funding History,. SK 

P*V 

-i ^ ^ 

T?Y 

F v 

FY 

RV 

FY 

FY 

! 

78 ! 

Y~J9~ 

r 

81 i 

82 J 



Start | 

j 

i 

49.98 | 

i 

\ 

! 15.21 

j 

i 

j 59. 59^ 

3 i 

J “ 

i 

62.251 

j 

! 

! 87.76 i! 
! 1 

I 

64.17 1 


Cumulative 



124.78 

187.02 

274.78 




Future Flight Hard' -are or 
Facility Needs/$K 


Esti iTi £} ted Flight/ 
Facility Schedule 


Prob «> 

or Success 


Continued use of MDAC CFES or 
similar equipment. Cell culture 
incubators and centrifuges for on- j 
board processing of starting mat- 
erial and separated fractions. 
(Additional costs unknown) . 


At least 2 more flights j 
utilizing CFES in col- 
laboration with JSC, 
using specific cell-compat- 
ible electrophoresis 
and .storage buffers. 


' Projected C ommercial Benefits: Far-term goals are pure cells for producing 

urokinase and other kidney products and implantable growth-hormone secreting cells fc 
/ treating abnormal pituitary conditions, possibly including weightlessness. 

L 


Recommendations : 


Continue/Discontinue, Necessary Revisions - 



ATTACHED LIST 


Todd, P., W. C. Hymer, L. D. Plank, G. M. Marks, M. Hershey, V. Giranda, M. E. 

Kunze and J. R. Mehrishi. 1981. Separation of functioning mammalian cells by 
density-gradient electrophoresis. In: Electrophoresis ’ 81 (eds. R. C. Allen 

and P. Arnaud) W. DeGreuter Press, NY pp. 871-882. 

Kunze, M. E. and P. Todd. 1983. An evaluation of Econazole, an antifungal <-gent, 
for use in quantitative cell culture experiments. In Vitro 19 , 175-178. 

Plank, L. D. , W. C. Hymer, M. E. Kunze, G. M. Marks, J. W. Lanham and P. Todd. 

A study of cell electrophoresis as a means of purifying growth-hormone secreting 
cells. J. Biochem. Biophys. Meth. (In press). 

Sarnoff, B. E. , M. E. Kunse and P. Todd. Electrophoretic purification of cells 
in space: Evaluation of results from STS-3. In Proceedings of 6th Princeton 

Conference on Space Manufacturing, (ed. G. K. O'Neill) (in press) , 

Plank, L.D., P. Todd, M. E. Kunse and R. A. Gaines. 1981. Electrophoretic 
mobility of cells in a vertical Ficoll gradient. Electrophoresis '81 Book 
of Submitted Abstracts for Papers and Pasters, p. 125. 

Plank, L. D. , M. E. Kunze, G. Goolsby and P. Todd. 1982. Density gradient electro- 
phoretic separation of living mammalian cells: Effect of position in the cell 
cycle. Biophys. J7, 78a. 


Presentations : 

P. Todd. 1 June 1983. Electrophoretic separation of living cells from human 
kidney cultures and rat and human anterior pituitary. Seminarium, Biomedical 
Center, University of Uppsala, Sweden. 

P. Todd. 30 June 1983. Praparative elektrophoretische Trennung von Zellen, mit 
Berichte iiber einige Experiments hierzu in der Raumfahre "Columbia." Wilhelm-Pieck 
University, Rostock, DDR. 
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Kidney Cell Electrophoresis 

The Pennsylvania State University 

Dr. Paul Todd 

NA59 - 15584 $65K/year 

June 1980 - continuing task 

The objective of this project is to evaluate materials and procedures for 
microgravity electrophoresis of living human embryonic kidney cells, to 
provide ground support in the form of analytical cell electrophoresis and flow 
cytometry and to analyse cells returned from space flight. 

In collaboration with D. R. Morrison, principal investigator, and M. L. 
Lewis of Johnson Space Center and G. H. Barlow, co— investigator, of Michael 
Reese Research Foundation, pre-flight culture media, electrophoresis buffer, 
fraction collection media, temperature profiles, and urokinase assay 
procedures were tested prior to flight. Electrophoretic mobility 
distributions of aliquots of the cell population to be fractionated in flight 
ware obtained. The following protocol was established and utilised: 

Cells were prepared in suspension prior to flight in electrophoresis 
buffer and 10% calf serum. Electrophoretic separation proceeded in 
electrophoresis buffer without serum in the McDonnell-Douglas Continuous Flow 
Electrophoretic Separator, and fractions were collected into sample bags 
containing culture medium and concentrated serum. Two separations were 
performed, and subsequent culturing and biochemical measurements were 
conducted at Johnson Space Center. Fractions that yielded enough progeny 
cells were analysed at The Pennsylvania State University for morphology and 
electrophoretic mobility distributions. The mobility distributions of progeny 
cells cultured from four electrophoretic fractions are shown in Figure J , 
where it can be seen that the lowest— mobility fraction studied produced 
higher-mobility progeny while the other fractions produced progeny cells with 
mobilities related to the fractions from which they were collected. 


NUMBER OF CELLS 




w.w i.w t.C. LT — 1.0 ”1.0 £. 

ELECTROPHORETiC MOBILITY, ^.M-CM/V-SEG 


Figure 1. Electrophoretic mobility (EPM) distributions of starting mixture 
and 4 fractions of human embryonic kidney cells (strain HEK-8514) 
separated by Continuous Flow Electrophoresis in microgravity and 
subsequently grown in cell culture. EPM is linearly related to 
fraction number, Low-EPM fractions differentiated into higher-EPM 
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Electrophoresis Studies on Methyl cellulose 
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N85-31 748 

EFFECTS OF COATING RECTANGULAR MICROSCOPIC ELECTROPHORESIS CHAMBER WITH 
METHYL CELLULOSE 

L. D. Plank 


INTRODUCTION 

Although precision in analytical cell electrophoresis Is usually 
fairly high, one of the biggest problems in obtaining high accuracy in 
microscopic electrophoresis Is the parabolic flow of liquid in the chamber 
due to electroosmotic backflow during application of the electric field. 

In chambers with glass walls the source of polarization leading to elec- 
troosmosis Is the negative charge of the silicate and other ions that form 
the wall structure. It was found by Hjerten, who used a rotating 3.0 mm 
capillary tube for free-zone electrophoresis, that precisely neutralizing 
this charge was extremely difficult, but if a neutral polymer matrix (formalde- 
hyde-fixed methyl cellulose) was formed over the glass (quartz) wall the double 
layer was displaced and the viscosity at the shear plane increased so that 
electroosmotic flow could be eliminated. This principle was applied to rec- 
tangular and cylindrical microscopic electrophoresis chambers by Van Oss and 
Fike, who used agarose coating and agarose plugs to eliminate electroosmotic 
flow. The reduction of parabolic flow In the chamber was verified by depth- 
mobility profile determinations. Electrophoresis of cells in suspension In 
microgravity was found to produce severe electroosmotic backflow problems, and 
these were managed by glow-discharge cleaning of the cylindrical glass tubes 
and coating them with pure methylcellulose after treatment with a silylating 
compound, Dow "Z-bOAO", 


PRECEDING PAGE BLANK NOT FILME0 
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17 . 

Experiments were designed to determine the reliability with which 
methylcellulose coating of the Zeiss Cytopherometer chamber reduced elec- 
troosmotic backflow and the effect of coating on the accuracy of cell elec- 
trophoretic mobility (EPM) determinations. 

MATERIALS AND METHODS 

Fixed rat erythrocytes (EBC) were used as test particles. Electro- 
phoretic tests were performed using 0.145 M NaCl, 10 4 M NaHCOj, pH 7.2 as 
electrophoresis buffer. The batch of Dow Methocell used in this research 
was obtained from Dr. Hjerten's laboratory, Biochemical Institute, The 
Biomedical Centre, University of Uppsala. EPM was determined at various 
depths in the rectangular chamber by recording the position of the microscope 
objective and making the optical correction, using the front and back chamber 
surfaces as landmarks. Each cell was timed for at least three sec in each 
direction by reversing polarity, and the velocity parabolas were analyzed by 
the method described in Chapter 4, using the BASIC program with a subroutine 
for coated chambers. 

Coating Procedure 

The method of Hjerten as modified by Catsimpoolas was used to coat the 
rectangular microelectrophoresis chamber. The coating solution was prepared 
as follows: 

a) 0.52 g methylcellulose (Dow Methocel MC) was dispersed in 30 ml 
boiling water and stirrec until dissolved; 

b) 70 ml cold (4° C) water was added, and stirring was resumed in the 
cold room until the solution appeared clear; 
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c) formic acid (7 ml) and the formaldehyde (35 ml) were added, with 
stirring; 

d) the final solution was clarified by filtration. 

The chamber to be coated was rinsed thoroughly with a detergent solution, 
hot and cold tap water, distilled water, and air dried. The methylcallulose 
solution was drawn into the chamber, held vertically, by suction and after 
five min was allowed to run out slowly, leaving a film of uniform thickness 
on the chamber walls. After draining for five min the chamber was dried 
at 120° C for forty min. The coating and drying procedures were then 
repeated once more. Care was taken to ensure that no air bubbles adhered 
to the chamber walls during the procedure. 

RESULTS 

Figure 1 shows a typical mobility parabolas that is obtained when 
fixed rat RBC's are subjected to electrophoresis in an uncoated rectangular 
chamber. When the chamber is coated according to Hjerten's procedure, the 
parabolic shape of the depth-mobility profile disappears, as shown in Figure 
2. When EPM distributions are derived from the depth-mobility profiles with 
and without coating the chamber, there is reasonable agreement, although 
standard deviation is somewhat higher, as Figure 3 indicates. 

Although the ahov» results are encouraging, it can be noted in Figure 2 
that the data are clustered near the center of the chamber. The methyl- 
cellulose coat was apparently not very thin compared to the. chamber dimensions, 
so there were no cells near the chamber walls due to the thickness of the 
methylcellulose coat. Although this shortcoming should not seriously interfere 
with EPM determinations, it was also found that the effect of coating the 
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chamber was not fully reproducible, and Figure 4 is a depth-mobility profile 
obtained when the chamber was coated a second time after cleaning the first 
coat. The profile is not flat. 



DISCUSSION 

Although methylcellulose coating of the Zeiss Chamber did have the effect 
of eliminating eleccroosmotic backflow, it did not do so in a consistent, repro- 
ducible manner. It was therefore decided to make experimental mobility measure- 
ments with a clean chamber and to obtain mobility distributions by the analysis 
of asymmetric parabolic flow profiles, as discussed thoroughly in Chapter 4. 
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Figure 2 


Depth-mobility profile, determined as in Figure 1, for fixed 
rat erythrocytes in 0.145 M NaCl in methylcellulose coated 


chamber. 
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Figure 
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. Histogram of cell electrophoretic mobilities obtained from the 
data of Figure 2, giving mean mobility and standard deviation. 
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CHAPTER 4 

A NEW METHOD OF ANALYZING MICROELECTROPHORETIC DATA 


Asymmetric Electroosmotic Flow and Mobility Measurements 
at Nonstationary Positions in the Rectangular Chamber 

Introduction 

The electrophoretic mobility of a cell in solution is defined by 
its velocity divided by the electric field strength it experiences. An 
obvious way to measure the mobility of cells is to apply a constant 
electric field to a suspension of cells in a glass chamber and clock the 
velocities of individual cells through a microscope. Although more 
sophisticated methods have recently been developed (187) , this micro- 
scope method is the classic technique in cell electrophoresis and it 
has been used for the bulk of research in this field (25) . Two aspects 
of the microscope method can critically affect the accuracy and con- 
sistency of its cell mobility measurements: the electroosmotic fluc- 

tuations In the chamber from measurement to measurement (25) , and the 
number of cells which can be practically measured for statistically 
meaningful results. A new method of analyzing microelectrophoretic 
data which addresses both of these aspects has been developed. 

The Assumption of Symmetric Electroosmotic Flow 
The ease and accuracy of measuring cell mobility has always been 
hampered by the electroosmotic flow of buffer in the chamber. A thin 
layer of water against the glass walls of the chamber is polarized by 
the fixed negative charges of the glass. If an electric potential is 
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'Applied across ends of the chamber, this polarized water layer will be 
dragged along the four side walls toward the cathode and then forced 
back through the center of the chamber toward the anode because the 
system is sealed at both ends. This situation creates laminar, para- 
bolic flow of buffer across the two dimensions of the chamber perpen- 
dicular to the electric field (160) (see Figure 10) . The observed 
velocity of a cell in this chamber is the vector sum of its electro- 
phoretic velocity and the velocity of the buffer at the cell position. 
Any contribution to the observed cell velocity due to a net drift of 
fluid through the chamber is eliminated by routinely reversing the 
field polarity and averaging left and right transit times for each cell. 
One can only observe true electrophoretic cell velocities if the micro- 
scope is focused at positions in the chamber where the fluid velocity 
is zero. In the thin, rectangular chambers required for high resolution 
microscopy, these positions form two planes, called stationary planes 
or stationary levels. These stationary positions could be determined 
experimentally by observing chamber positions at which particles having 
a net charge of zero in solution do not move during application of a 
field. However, no suitable particle has been found and experimenters 
resort to using theoretical predictions for stationary positions based 
on work by Smoluchowski (160) and Komagata (91) . Their theoretical, 
hydrodynamic treatment, which predicts stationary positions solely on 
the basis of chamber geometry, is based on the assumption that the 
fluid velocity is always symmetric; that is, that the electroosmotic 
velocities along all four side walls of the chamber are forever equal. 
The error in mobility measurements introduced by this assumption is 
examined and corrected. 
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Limits to the Number of Observations 

There are limitations to the number of cells which can be accurate- 
ly measured by the microscope method during a single experiment. This 
number is crucial to the statistical significance of the results. There 
is a natural time limit to the consistent behavior of the cells, the 
chamber and the experimenter. The condition of the cell surface can 
change with time by active metabolism and transport of surface macro- 
molecules, or by degeneration, particularly at extremes of pH (152). 

The surface charge densities of the chamber walls , which determine the 
shape of the internal electroosmotic flow, can change with time by 
direct chemical modification or by adsorption of material from the cell 
suspension. Also the level of concentration demanded of the experimenter 
will drop after a certain length of time. Given an interval of time 
defined by these limits, the method of taking data determines the num- 
ber of cells which can be accurately measured. 

Present Techniques 

In the literature, most microscope mobility measurements are made 
by first focusing at a theoretical stationary position and then record- 
ing the velocities of only those cells in good focus; these data are 
then used to construct a mobility histogram (25). There are certain 
drawbacks to this method. It does not consider the possibility of asym- 
metric electroosmotic flow and the resulting shifts in stationary posi- 
tions during mobility measurements. Furthermore, few cells will be 
readily found in a single focal plane (typically 10-20 cells are 
measured) and the high concentration of cells required to facilitate 
these measurements may sometimes be difficult to obtain. Cells which 
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are slightly out of focus and measured will not be in the predicted 
stationary position. Although these errors may be minimized by aver- 
aging data, they are usually neglected in the calculation of mobilities. 

A second method measures cells throughout the chamber depth and 
plots their velocities against the square of their chamber position, 
using the chamber center as an origin (54) . The best straight liru-; is 
drawn through these points and the ordinate of this line at the square 
of the theoretical stationary position is taken as the average electro- 
phoretic velocity of the cell population. There are drawbacks to this 
method as well. Again, this method ignores possible shifts in the 
stationary positions due to asymmetric electroosmotic fluid flow. Using 
this plotting technique, cell data will fall along a straight line only 
during symmetric electroosmotic flow. Although the average mobility 
estimate is based on a relatively large number of cells (20-80), the 
natural dispersion of mobilities about this average value is ignored. 
This technique is therefore only appropriate for homogeneous cell popu- 
lations and waives the possibility of detecting mobility subpopulations. 

A new method of analyzing microelectrophoretic data using a com- 
puter program has been developed which combines the most useful fea- 
tures of each method discussed, and resolves their inherent problems. 

It makes possible the mobility measurements of individual cells as 
positions throughout the rectangular chamber depth during asymmetric 
electroosmotic flow. 


Materials and Methods 

Rat, chicken and rabbit erythrocytes, fixed with 2.5% glutaralde- 
hyde (167) , were washed and resuspended as pure or mixed populations 
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in Furchgott and Ponder buffer, FPB (52), or phosphate buffer with or 
without sucrose (PB or PSB; see Table 1) at 1.2 x 10^ cells/ral. Mobil- 
ities of these cells were measured at a constant current of 1.0 mA, at 
constant temperatures between 1°-37°C using a rectangular chamber of 
dimensions 0.7 x 14.0 x 60.0 mm . Call mobilities were normalized for 
various viscosities to that of water at 25°C, 0.8937 ceitipoise. Cell 
velocities were recorded with their positions throughout the depth of 
the chamber; 40-80 cells were timed. These data were punched into 
computer cards and fed to a Fortran XV program whose function is out- 
lined as follows : 

a. The ’apparent mobility’, g m (x), is calculated for each cell 
by dividing its observed velocity, v q (x), by the electric 
field strength, E, and correcting for viscosity. This value 
includes an electroosmotic component. The next four steps 
serve to subtract out this component. 

b. Using least squares analysis, a 'reference parabola' is 
fitted to the entire set of apparent cell mobilities and 
their positions-. The shape of this parabola reflects the 
shape of the electroosmotic fluid velocity across the cham- 
ber during the experiment; at any position x in the chamber, 
the average observed velocity of the cell population, 
v q (x), differs from the fluid velocity, v f (x), by a con- 
stant. This constant is the average electrophoretic velocity 
of the cell population, v . That is, 

v (x) = v + v (x) (3.1) 

o e . f 


See Figure 5 
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Figure 5. Geometry of cell and buffer flow in the microscopic electro- 
phoresis chamber. 
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c. The reference parabola equation obtained by regression analy- 
sis is used to predict the locations of the stationary posi- 
tions in the chamber during asymmetric fluid flow by applying 
the results of the hydrodynamic treatment described in Part B r 
Chapter III. 

d. The reference parabola is assigned its ordinate mobility 
value, h re £!) on the regression curve at the calculated station- 
ary points. This curve now serves as a reference from which 
all apparent cell mobilities are recalculated as true mobil- 
ities for cells measured throughout the chamber, not simply 
those at the stationary positions. 

e. The true mobilities are obtained by simply adding the verti- 
cal displacement between the apparent mobility of each cell 

and the reference curve, Ap (x) , to the reference mobility, 

& 

y ref" derivation of this approach is as fallows: 

The observed velocity of a cell is the sum of its electro- 
phoretic velocity and the fluid velocity at the cell position 
x, 

v (x) = v + v,(x) (3.2) 

- o e t 

This relationship also holds for • the average observed vel- 
ocity of a cell population measured at any position x, 

V q (x) - v e + v f (x) = V Q (sp) + v £ (x) ( 3 -3) 

where sp is a stationary position. Prom Eqs. (3.2) and (3.3) 
it fallows that, for any cell 
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v e = v Q (sp) + (v Q (x) - v q (x)) 

and by dividing by the electric field strength, E, one 
obtains: 

u(x,v o ) = y re£ + Ap^Cx) (3.4) 

where ju(x,v q ) is the true mobility of an individual cell 
observed at depth x with a velocity v q 'see Figure 5) . 

Apparent mobility points from cells sharing the ref- 
erence curve mobility will fall directly on the reference 
curve. Those data points from, a population with a differ- 
ent mobility will fall on a parallel 'iso-mobility* curve 
which is vertically displaced from the reference by the 
mobility difference. 

f. The program output displays cell mobility data in multiple 
histogram form, using class widths specified by the user. 

This program performs a two-step analysis of data from 
a maximum of eight experiments. It is compiled under G ler^el 
Fortran, requires 35K bytes of core, and averages 0.3 sec- 
onds execution time per experiment on the IBM 370-168. 

Evidence for Asymmetric Flow 

The regression curves from three sequential experiments with pure 
populations of glutaraldehyde-f ixed rat, chicken and rabbit erythro- 
cytes, plotted in Figure 6, demonstrate the parallel nature of iso- 
mobility curves in the chamber. Furthermore, the slope of these 
curves indicates that the electroosmotic flow was asymmetric during 
all three experiments. Of 28 experiments with fixed erythrocytes and 
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303 with tissue-cultured cells using this technique (172), all but 26 
or 8% were clearly asymmetric to varying degrees. The predicted sta- 
tionary levels will shift by an amount proportional to the degree of 
asymmetry. 

Asymmetric flow may be caused by an inherent difference in sur- 
face charge density on the front and back glass walls of the chamber 
(25) or by the difference in orientation of reference scratches on these 
walls. It may also be due to nonuniform heating or heat transfer across 
the chamber depth in response to electric current or light from the 
microscope illuminator (25). These explanations seem unlikely in view 
of the lack of consistency in the degree of asymmetry observed. More 
likely, asymmetric flow is caused by changes in the surface charge 
density of the glass walls due to the adsorption of ions from cleaning 
agents (such as chroraii. acid: CrO^/f^SO^ or CrO^/HNO^) , buffer solutes 

or cells. This includes the accumulation of sedimenting cells on the 
bottom of the chamber. 

The possibility of asymmetric flow in the cylindrical chamber 
certainly exists, but was not explored. 

Evidence for Parallel Iso-mobility Parabolas 

Measuring the mobility of a cell at any depth in the chamber, 
using the computer program previously described, requires two condi- 
tions: that the velocity of cells with the same mobility fall on a 

single velocity-depth parabola during a given experiment; and secondly, 
that the set of these parabolas from cells with different mobilities 
will be parallel during a given experiment; that is, each parabola 
will be vertically displaced from any other by a constant (these two 


conditions equally apply to apparent mobility parabolas because they 
differ vertically from their velocity-depth curves by a constant; the 
viscosity correlation divided by the electric field strength . 

The results of electrophoresis using a mixture of glutaraldehyde- 
fixed rabbit and chicken erythrocytes, easily distinguishable under the 
microscope, in PSB at 1°C are plotted in Figure 7 and demonstrate that 
both of the above conditions are fulfilled. The upper solid curve is 
the least squares parabola fitted to the apparent mobilities of the 
chicken erythrocytes, the lower solid curve is that of the rabbit eryth- 
rocytes. The mobility spectrum of each cell type falls around its re- 
spective mobility parabola, and both curves are closely parallel. 

Correction of Mobility Measurements due to Asymmetric Flow 

Table 2 contains mobility corrections due to asymmetric flow for 
13 experiments. For 28 experiments, the average correction in the front 
stationary position was 2% of the chamber width, more than double the 
Komagata correction of 0.9% for our chamber which has a height/width 
ratio of 20. These shifts in stationary positions resulted in an 
average correction in mobility calculations of 0.13 ym/sec/volt/cm or 
15% of the average mobility value. Calculated shifts in stationary 
positions exceeding 3% of the chamber depth were recorded between ex- 
periments conducted within a three-hour period. 

A good approximation of average mobility during asymmetric flow 
is the average of mobilities measured at the uncorrected stationary 
positions predicted by Komagata's formula. Equation (3.21). Using 
this approach, the average mobilities for each of the above 28 experi- 
ments were recalculated. The average asymmetric correction required 
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Figure 7. Apparent mobility vs* chamber depth curves for. a mixture of rabbit 
and chicken fixed erythrocytes. 






Table 2. Typical Corrections to Cell Mobility Measurements due to Asymmetric Electroosmotic Flow (sp ■=■ 
stationary plane). 


Fired 

Erythrocyte 

Electrophoresis 

Buffer 

Temp. 

°C 

Front 

Stationary 
Position 
Correction, 
% Chamber 
Width 

Average Mobility 
at uncorrected 
front SP 
]im/sec/V/cm 

Average Mobility 
at corrected 
front SP 
pm/ scc/V/ cm 

Mobility 
Correction 
pm/ sec /V/ cm 

Rat 

PSB 

2.6 

3.3 

1.262 

1.128 

-.134 

Chicken 

PSB 

2.6 

3.9 

1.164 

0.997 

-.167 

Rabbit 

PSB 

2.6 

4.1 

0.788 

0.617 

-.171 

Rat 

PB 

4.0 

2.7 

1.403 

1.225 

-.178 

Chicken 

PB 

4.0 

2.7 

1.231 

i . 054 

-.177 

Rabbit 

PB 

4.0 

3.1 

0.892 

0.679 

-.213 

Rat 

FPB 

25.0 

1.0 

1.198 

1.113 

-.085 

Chicken 

FPB 

25.0 

1.0 

0.919 

0.882 

-.037 

Rabbit 

FPB 

25.0 

0.4 

0.278 

0.301 

+.023 

Chicken 

PSB 

20.0 

2.7 

1.249 

1.011 

-.238 

Rabbit 

PSB 

20.0 

0.7 

0.784 

0.734 

-.050 

Chicken 

PSB 

37.0 

1.0 

1.913 

1.779 

-.134 

Rabbit 

PSB 

37.0 

1.1 

1.059 

0.892 

-.167 


r 
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for these new values was only 0.002 pm/sec/volt/cm, or 0.2% of the 
average mobility value. The mathematical correctness of this approach 
was not derived rigorously. 

The error in mobility measurements contributed by ignoring a 
shift in stationary position depends directly on the electroosmotic 
velocity gradient through the true stationary point. This gradient may 
be reduced by minimizing the electroosmotic velocity. This can be 
accomplished by modifying the charges on the chamber walls (182) or 
by increasing the chamber width. An increase in width, however, may 
result in increased temperature and viscosity gradients in that dimen- 
sion which would also cause a shift in stationary positions. 

Detection of Mobility Subpopulations with Improved Statistics 

By focusing throughout the chamber depth, the mobilities of 
more cells can be measured more accurately than by using the convention- 
al stationary plane technique, for a given time interval and cell con- 
centration. At 1.2 x 10^ cells/ml, 70 cells per hour were routinely 
timed and their data recorded. 

The mobility histogram of 72 cells obtained by this computerized 
analysis on velocity-depth data from a mixture of fixed chicken and 
rabbit erythrocytes, plotted in Figure 8,. clearly indicates the pres- 
ence of both cell types and demonstrates the ability of this method 
to detect mobility subpopulations. It represents a statistical im- 
provement over histograms generated from stationary plane measurements. 
The difference between the average mobilities of the two cell types 
was 0.2 pm/sec/volt/cm. The histogram in Figure 9, generated from 
the combined experimental data plotted in Figure 6, presents a slight 
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Figure 8. Mobility histogram obtained by computer analysis of micro- 
electrophoretic data from a mixture of rabbit and chicken 
fixed erythrocytes. 
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indication of both rat and chicken erythrocyte papulations, representing 
a difference in average mobility of 0.1 um/sec/volt/cm and possibly 
defines the limit of resolution of this technique since separation was 
not improved when smaller histogram class widths were chosen. 


Summary 

The consideration of time-dependent asymmetric electroosmotic flow 
is not only important to accurate interpretation of classical micro- 
scope mobility measurements, but also to the development and calibration 
of automated methods in cell electrophoresis which depend on stationary 
position determinations. It is our experience that electroosmotic flow 
in a small glass chamber is generally asymmetric to varying degrees 
and that the resulting corrections to cell mobility measurements are 
significant. A computerized analysis is presented which determines 
the electrophoretic mobilitv of cells clocked at any depth in the 
rectangular chamber during asymmetric electroosmotic flow. 


Theoretical Prediction of Stationary Position HS 5-31750 
the Rectangular Chamber during Asymmetric 
Electroosmotic Flow 

Introduction 

Most microscopic cell electrophoretic work depends on the theoret- 
ical prediction of stationary positions by Smoluchowski (160) and 
Komagata (91). Their theoretical solutions are based on the assump- 
tion that the electroosmotic flow in a chamber is symmetric. Because 
our experiences with the rectangular chamber indicate that symmetric 
flow occurs during less than 8% of our experiments, the existing 
theory for stationary position determination is expanded to include 
the more general case of asymmetric flow. 


.3 ■ 
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Asymmetric Solution, for Rectangular Chambers of 
Height/Width Ratio Greater than 40 

Smoluchowski obtained the following equation for symmetric electro- 

osmotic flow in a rectangular chamber having a width much smaller than 

its height or length: 


v f (x) = %v f (+a)( 3 x 2 / a 9 - 1) 


(3.5) 


( 


where x is the depth in the chamber measuring from the midpoint * a 
is the distance from the midpoint to either wall and v_(x) is the elec- 
troosmotic velocity of a fluid plane through x (see Figure 10(a)). 
Solving for x at which v^(x) is zero (that is, at the stationary po- 
sitions) yields , 

x-ia/v'T (3 ’ 6) 

This solution predicts a zero fluid velocity at 0.21 and 0.79 of the 
chamber width and it is used to approximate stationary positions in 
rectangular chambers with height/width ratios greater than 40 (25) . 

The following derivation uses Smoluchowski’ s approach in solving the 
analogous problem with asymmetric flow. 

Assume a rectangular chamber of dimensions 1 x h x w, such that 
w is very small compared to 1 and h. Let w = 2a (see Figure 10(a)). 
Given the electroosraotic flow of a thin water layer against each wall 
in response to an applied voltage between the two end walls, two 
forces establish the laminar parabolic flow in the chamber. One is 
the viscous pull each layer of fluid experiences from its neighbor. 

dv f (x) 


F = nA 


dx 


L 
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where r] is the fluid viscosity, A = 1 x h is the area of each fluid 
dv (x) . 

layer, and — £ is the electroosmotic fluid velocity gradient between 

dx 

the neighboring fluid layers at x. Each fluid layer also encounters 
an equal and opposite force at the end wall of the chamber toward 
which it is constantly moving. This force is the pressure, P, exerted 
by this wall over the cross sectional area of the layer against the wall, 
hdx, and is given by. 


F - Phdx 


These two forces are equated as follows: 

dv (£)'. 

i? = nA — 5 ^“= Phdx 


or, 


, dv f (x) 

n (lh) ~ ( — § ) dx = Phdx 

dx v 4x \ 


and, 


d V x) p 


dx 


ni 


(3.7) 


Solving Eq. (3.7) for vf(x) by indefinite integration yields. 


vf (x) = + A f x + B f 


(3.8) 


The fluid velocities at the front and back walls, vf(-a) and vf(a), 
are boundry conditions which determine the constants of integration, 
A* and B*, as follows: 

Pa 2 

vf (a) = + A r A + B* 


(3.9) 




V- a) - w - A ' a + B ’ 


(3.10 


I 



.( 

• i 


i 



Subtracting Eq. 


(3.9) 


from Eq. 



(3.10) yields, 
(a) - v f (-a) 

2a 


Adding Eq. (3.9) to Eq. (3.10) yields, 

v (a) -f v (-a) 

13 T £ f 


0 

Pa~ 

2nl * 


A* is the asymmetric component of the electroosmotic flow parabola and 
is zero only during symmetric flow. The equation for electrosmotic 
velocity can now he written from Eq. (3.8), 


Px 


vf ^ = 2nl + ^ ^ * 


v f (a) + v f (~a) 


2a 


- (3 11 

2nx 1 


Because the chamber is sealed in a closed system, the net flux of fluid 
across its width must be zero. 


a 

/ v. (x)dx = 0 
x 

*-a 


Therefore, 


3 Px 2 a 

1 2^1 dx+ f (v f (a) 
-a -a 1 


a 2 
Pa 


T f dx + / v f (a) _ * v f ( - f & 


—a 


-a 


or 


and 


Pa 4- (v f (a) 4- Vf (-a)) a - Pa 


3ql 


nl 


= o 


p = 


3nl 

.2 


(v (a) + v (-a) ) 
I r 


(3.12 
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( 


v 



Substituting Eq. (3.12) for P in Eq. (3.11) yields, 

q ? x v f (a)+v (-el) 

v f (x) = — ~(v f (a)-v f (-a)) x~ 4- (v f (a)-v £ (-a) ) — ^ '_(3.13) 

4 sT 


Solving this quadratic for the stationary positions, x, such that 
v f (x) = 0, yields 


x 



v (a) - v (-a) 

(— i ± Z 

'v f (a) 4- v f (-a) } 


/v (a) - v (-a) „ 
%^(a) + v f (-a) } + 3 


Define the quantity 


(3.14) 


v f (a) - v f (-a) 
v f (a) + v f (-a) " F 

where F is the asymmetric flow factor. Note that F will be zero for 
symmetric electroosmotic flow and increases in absolute value with in- 
creasing degree of asymmetry to a maximum of 1. F is solved by using 
the following clever technique introduced by Milito (115). 

Each fluid velocity parabola exhibits a maximum velocity at its 
apex, occurring at a chamber position defined as X m - Taking the first 
derivative of the equation for fluid velocity, Eq. (3.13), one obtains 


dv f (x) 
dx 


(v f (a) 4- v f (-a)) 



(v f (a) - v f (-a)) 


1_ 
2a . 


(3.15) 


This first derivative will be zero at x , 

m 


d ^ f (x) 
-i- m 

dx 


= 0 . 


Therefore from Eq. (3.15), 

v f (a) - v f (~a) ^ 

F “ v f (a) 4- v £ (-a) IT " m 


(3.16) 
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Although the chamber position of maximum fluid velocity, x , is not 

m 

directly measured by this method, it will coincide with the position 
of maximum for the average observed cell velocity, which can be direct- 
ly measured. Let 

v (x'> - A + .Bx t + Cfx 1 ) 2 (3.17) 

represent the least squares parabola fitted to a given set of observed 
cell velocities obtained by microelectrophoresis, where A, 3 and C are 
coefficients determined by computerized regression analysis and x* is 
the chamber depth measured from the front wall. Transforming Eq. (3.17) 
from this front wall origin which is more practical for data collection, 
to the midpoint origin used in this theoretical treatment using the re- 
lationship, 

x' = x + a 


yields , 


v (x) = A + B(x 4- a) + C(x + a)" 
o 


This equation represents' the average observed cell velocity at any 
position, x in the chamber. Its first derivative yields. 


dv (x) 
o 

dx 


= B 4- 2C(x + a) 


This first derivative will be zero at x , the position of maximum 

m 

fluid velocity. 


d v (x ) 
o m 

dx 


= B + 2 C(x + a) = 0 
m 


4-25 


Therefore, 


and from Eq. (3.16), 


X m 2C " a 


F - 3 » + l 3T> 


(3.18) 


The solution is now complete. From Eqs. (3.14), (3.16), and (3.18), 
the stationary positions x, measured from the midpoint, in a rectangular 
chamber of height /width, ratio greater than 40, during asymmetric flow 
are described by, 


x 


(3.19) 


where 


= f C-F - y? 2 + 3) 


F “ 3(1 + jfc’* 


a is the chamber half width, and B and C are, respectively, the x’ and 
2 

(x 1 ) coefficients determined by regression analysis on a given ob- 
served cell velocity data set obtained using the front wall as x' =0. 

Because it is convenient for the experimenter to estimate the 
stationary positions as fractions of the chamber width (xmax or 2a) , 
Eq. (3.19) is rewritten using the front wall as an origin instead of 
the midpoint, as follows: 

f , , xmax 

x 1 = x + a = x + — r— 


So, at the stationary positions given by Eq. (3.19), 

xmax 


r> — 


c-p ± vFTI ) + = 


6 


2 
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or 


£ + f- C“F -Vf 2 + 331 


(3.20) 


If the electroosmotxc flow is symmetric, a = — , F - 0 and Eqs. 

(3.19) and (3.20) reduce to the Smoluchowski result, Eq. (3.6). 

Asymmetric Solution for Rectangular Chambers of 
Any Height /Width Ratio 

By ingoring the perturbation of electro osmotic flow due to two 
side walls and the two end walls of the chamber, Smoluchowski could 
solve the stationary position problem in one dimension, x. The practi- 
cal application of his solution however, is limited to rectangular 
chambers whose height/width ratios are greater than 40 (25) . 

Komagata later solved the problem in two dimensions, x and y, by 
considering all four side walls of the chamber and assuming the chamber 
was long enough to neglect fluid flow perturbations from the end walls 
at the chamber center where cell measurements are taken. He derived 
the following equation for electrDosmotic velocity at position (x,y) 
in a rectangular chamber- of width 2a, height 2b, and length 1 such 
that 1 is much greater than a and b : 

.e, \ , P , 2 2 n . « f ^n+1, 16Pa 2 , ^ V o v l\ cosh (my) cos (rax) 

- v o T 2? <a -* > + Jo™ ( „ 1I 3 ( ,_ + ~ ? + sjraaj* - "ssife — 


n=0 


, . - .... „ (2n+l)'ir 

where n is tne variable integer from 0 to =>, m = — ^ — > V Q 15 the 

fluid velocity along the front and back walls and v^ is the fluid ve- 
locity along the top and bottom walls- Solving for the stationary 
positions along the central axis of the chamber used for cell measure- 


ments, (x,0), at which v^_ (x,0) is zero, yields. 
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x 


= + a K+M 
V 3 A 


(3.21) 


where K is the height/width ratio of the chamber, b/a. Substituting 
chamber width, xmax, for 2a and moving the x origin from the chamber 
midpoint to the front wall results in, 

,1 + TT~ 

X 2 ~V 12 


. 3?; 

+ — ) 

TT K 


(3.22) 

Both Eqs. (3.21) and (3.22) assume symmetric electro osmotic flow in the 

chamber and reduce to the Smoiuchowski result when K = “. 

The following derivation by Elaine Milito (114) adopts Komagata's 

approach in solving the analogous problem with asymmetric flow. 

Assume a rectangular chamber of height h = 2b, width w => 2a, and 

length 1 which is great compared to h or w (see Figure 10(b)). Also 

assume a constant fluid velocity along each side wall, equal at all 

points on that wall, and that this constant velocity can be unique for 

each of the four side walls. That is, v = v J .(-a),y), v. = v (x,b), 

or J- f 

v 2 = v f < a >y) and = V£{x,-b) where v q , v^, v^ and v^ are constants 
which can differ from, each other. By again equating the laminar force 

on a fluid volume element dx x dy x 1, 

dv f dv 

F = n (Idx) ~~ + (ldy) 


dy 


dx 


with the force exerted by pressure P on the cross sectional end of 
this fluid element, dxdy, from the end wall of the chamber toward which 
this fluid element is constantly moving, 


l J 

C 


1 


u 


F = Pdxdy 
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one obtains. 


d 2 v„ 


d 2 v. 


n(ldx |-dy + Idy ^dx) = Fdxdy 


dy 


dx" 


or 


2 2 

d v„ d v f p 

r . f P 

2 + “72 


dx 


dy* 


(3.23) 


Eq. (3.23) is a second order differential equation which is solved 
using a separation of variables tecnnique (91)". Let 

v f (x,y) - x(x,y) + 2^ (a 2 “ x 2 ) 

where the variable x satisfies the relationship, 

2 2 
ii + ii =Q 
2 2 
dx dy 

Then 


X(x,y) = v__ (x,y) - 


2ni 


, 2 2 , 

(a - x ) 


(3.24) 


Eq. (3.24) is satisfied using, 

v ? -f v v„ - v a 

X(x,y) = ^ — ° + — Ja — ~ + 2 T n (y) cos( ' WX ^ 

n=0 


(3.25) 


where v and v„ are the fluid velocities along the front and back 
o z 


chamber walls, respectively. 


(2nd- 1) t 
m = 2a 


and 


t (y) = cosh (my) + 3^ sinh(mx) 


(3.26) 



4-29 


The following boundary conditions are applied to solve for the unknown 

constants, A and B ; 

n el 


X (° »b) = v 1 - 

Pa 

2nl 

(3.27) 


2 


x(o,-b) = v 3 

Pa 

' 2 Til 

(3.23) 

X(a,y) - v 2 


(3.29) 

X(-a,y) « V q 


(3.30) 


where and are the fluid velocities along the top and bottom cham- 
ber walls, respectively. From Eq. (3.27), 


xc°,b) = v x -gn 


v 2 * v o , v 2 + ^ Pai 

2 C 2 V 1 + 2nl^ 


and from Eq. (3.25), 


X(°,b) = 2 ' 2 + J 0 T n (b) 


Therefore, 


Let 


v„ 4- v n 2 

n!o T n< b) - -'-V - T 1 + 2 ^r> 


, _ Pxf. , v 2 + v o . si, 

“ 2ni ' 2 v i + 2nP 


At x = 0, 


V„ + V. 


F(o) = -(- 


^ " *1 + ^ " JoV b > 


(3.31) 


By the Fourier expansion used by Komagata, F(x) can be expressed as: 

2 + _x 


>W - aV 15 


n+1 


16Pa 


nlu 3 (2n+l) 3 ir (2n+l) 


, V 2 + V o . 

2 v x ) 


cos(mx) 
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and at s = 0, 


FCo) = U £ 0 (-1) 


n+1 


16Pa 


t]1tt (2n+l) 


, 4 , v 2 + V o , 

3 ir(2n+l) 1 2 V 


(3.32) 


For F(o) then, the summation term, x^Cb), and the Fourier su mma tion 


term must be equal: 


T (b) = (-1) 
n 


n+1 


16Pa 2 , 2( V 0 + v 2 - 2v l) 


qlTr 3 (2n+l) 3 


ir(2n+l) 


(3.33) 


Using this technique for boundary condition (3.. 28), one obtains, 

2 


T n (-b) - (-1) 


n+1 


16Pa 


ill it (2n+l) 2 


2( v o + t 2 ~ 2v 3l 


tt (2n+i) 


By Eqs. (3.26) and (3.33), 


x^(b) = A^eash(mb) + B^s inh(ob) = (-1) 


n+1 


16Pa 2 + 2 C* o + V 2 ~ 2v l) 


nit 3 (2n+l) 3 


t (2n+l) 


(3.34) 


Similarly, 


x n (-b) = A^coshXmb) - B^sinhCmb) = (-1) 


n+1 


16Pa 2 , 2( V o + V 2 ~ 2 v 3) 

ir(2n+l) 

(3.35) 


qlir 3 (2n+l) 3 


The unknown constants, A and B , can now be obtained using the simul- 

’ n n’ 


taneous equations (3.34) and (3.35), 


A = 


(- 1 ) 


n+1 


n cosh (mb) 


165a 2 , 2< V o + V 2 ' V 1 ' V 3) 

*r — " 


TilTT 3 (2n+l) 3 


Tt (2n+l) 


(3.36) 


B 


C-H 11 * 1 ( V 3~ V 1) 


h s inh (mb ) it (2n+l) 


From Eqs. (3.24), (3.25) and (3.26), the electroosmotic velocity now 


becomes , 
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v (x,y) = 


2 + ^ V °> S + 5 + Jo [V osh(my) + 


V + V 
2 o 


B^sinh (myjj cos (mx) 


(3.37) 


To solve for the remaining unknown, P, the condition of zero net fluid 
flux across the chamber is applied: 

b a 

/ / v dxdy = 0 

-b -a f 


Therefore, 


b 

/ 

-b 


a V„ + v v„ - v p a o n 

f ( 2 — “ + 2 — ~ x) dx + ~~ /(a - x ) dx + 

-a -a 


n J:Q f (A^ cosh (my) + sinh(mx)) cos(mx)dx 


—a 


dy = 0 


Performing the definite integration with respect to x yields. 


"*3 a / I 

2Pa . fv„ + v a + 2 f „ - — — (A cosh(my) + B sinh(my)) 
— b \ 2 oj n=0 m n n 


dy = 0 


Definite integration with respect to y yields , 

n ■, ,v„ + v ^ . 4Pa 3 b . „ “ (-l) n 2 ^n _ n 

2ab( 2 o) -i x— : — + 2 sinh(inb) = 0 

3nl n-U m m 


Substituting Eq. (3.36) for produces. 


2 ab( v 2 + v o)+ ^ +4jo(ri M 

m 


16Pa 2 2( V o + V 2 V 1 v 3) 

T " 


nl7r 3 (2n+l) 3 


tt (2 n+1) 


sinh (mb) 
cosh (mb) 


Expanding 


the above. 


and substituting 


2 I< 2n+1) 


for m results in, 
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2ab( V 2 


+ v 


o) + 


4Pa 3 b 

3nl 


256Pa 4 

nlr 3 



t anh , ~b (2n+l) , 
1 2a J 

(2n-M) 5 


32a 


IT 


f v 
( O 


+ - 


v — V ca 

1 3) 2 n 

n=0 


tanh . irb (2n-fl) ^ 
{ 2a J 

(2n+l) 3 


= 0 


Let 


S- “ s n 
1 n=0 


tanh ,trb (2n+i) > 
2 2a J 
(2n+l) 5 


(3.38) 



and 


S 0 => E_ 
2 n=0 


tanh . irb (2n-KL) . 
C 2a j 

(2n+l) 3 


(3.39) 


Then, 


„ , ,v„ -T v , , 4Pa b 
2ab( 2 o) + -- . ■ 

J f^L 


256Pa S, 2 

_1 - ( v 0 + v 2 - v x - v 3) ^ 


= 0 




ir 


and 


32a 


p = ni 


(-2ab(v„ + v ) + 

A O 7T- 


S 2 (v o + V 2 + V 1 - V 3» 


4 '3, 

tt a b — f “■ 


7T“ 


(3.40) 


The solution to electroosmotic flow in two dimensions in the rectangular 
chamber is now complete. Substituting Eq. (3.40) for P in Eq. (3.37) 
yields, 

2 

16a S 2/v fv 0 -v,-v^ .i/^+v^ 

„ , _ V 2 ~ V o - v .* A -^T- ( ° 2 1 3) - ab ( o) 

vf(x,y) 2 +(2 °) 2a + 4 3 256a^S, C 


3 ab "~^5- 


11 


+ | Q j^A^cosh (my) + B^sinhfcny)] cos(mx) 


i.i 


vf(x,y) = 
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The equation of flow at y=0 is desired because mobility measurements are 
taken through the center of the chamber; that is, at (x,o). 


16a 2 S, 


vf(x,o) = 


V„ + V 

-V- + ( V 2 


,V "b v — v — V ,v bv . 

( o 2 1 3)-ab( 2 o) 


v .x , 

o) 2l + 


A 3 256a 4 S, 

~ a J b - k 

3 7,0 


, 2 2 
-(a -x 


+ 2„A cosfmx) (3-41) 

n=u n 

Because cos(mx) does not change sign here and its absolute value does 
not exceed unity, 

| 2 A cos (mx) | < | 2 A ! 

n=0 n n=0 n (3.42) 


From Eq. (3.36) , 


2 A = E 


(- 1 ) 


n-HL 


n=0 11 n ,o cosh(mb) 


16Fa 


Hlir 3 (2n+1) 3 


4* 


2f V o + v 2 ~ V 1 ~ v 3) 


r(2n+l) 


Because cosh (mb) does not change sign in this summation, 2 is a sequence 

n=G 

of terms decreasing in absolute value and alternating in sign. Therefore, 


I 2 A | < | A 
n=0 n 0 


(3.43) 


From Eqs. (3.42) and (3.43), the summation q 2q A^cosftnx) is bounded by 

A . A is much smaller than the first three- terms of Eq. (3.41) because 
o o 

of the constant — ." T . For a height/width ratio of 20, for example, 

cosh(mb) 

this constant is smaller than 10 ^ for all values of n. Therefore we 
assume that the contribution to the fluid velocity by the summation 

CO 

£ A cos (rax) can be neglected; that is 3 
n=0 n 
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2 A cos(mx) << v (x,o) 
n=0 11 


16a 2 S 


„ v„ + v 
, , ^ 2 o 

V (x,o) = r 

f 2 


v v X 

o) 2l + 


2 >v +v„-v.-v_ N ,/v -v„, 

— ( o 2 1 3) - ab( 0 2) 

4 3 256a^S_, 

y ab - 1 

5 

TT 


Solving this quadratic equation, for the stationary positions x, such that 
Vf(x,o) = 0, yields, 




and K = — , the height/width ratio, 

3. 

Elaine Milito’s solution for stationary positions in the rectan- 
gular chamber during asymmetric flow, Eq. (3.44), requires an estimate 
of the fluid velocity at each of the four side walls of the chamber. 
Although this is possible using a technique covered in a following 
section, optical measurements must be taken through both the x and y 
axes of the chamber. Because the apparatus used for microelectro- 
phoresis prohibits observation through the long axis of the rectangular 
chamber, the derivation in the next section becomes useful. 


4-35 


of 


Stationary Position Estimates during Asymmetric 
Flow in a Rectangular Chamber of Height/Width 
Ratio > 20 

To calculate the stationary positions using Eq. (3.44), the value 
A, defined by Eq. (3.45), is determined for K - 20. The summations 
and * given by Eqs. (3.3S) and (3.39) are first determined. 

= 1 for all values of n. Therefore, 


If K - 20, tanh (2n+l) ~ 


1 n=0 


™ tanh 


£ 2 ” +1) |f . 


(2n-HL)' 


l\j to 
=> 

n=u 


(2n+l)‘ 



Similarly, 




1 

(2n-rl) 3 


and converge by the integration test (170) and the following 
summation estimates, T and were calculated. 


S 


1 


i 



1 

(2n-KL) 5 


1.005 



30 

S' = E n 

2 . n=0 


(2n+l)’ 


= 1.052 


The remainder of is bounded by 


f = 4 x 10“ 7 

11 (2n+l) 

and the remainder of S ^ is bounded by 

/ = -6 x 10“ 

30 (2n+l) 
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indicating that S^ T = 1.005 and S^ f = 1.052 are accurate summation 
estimates for and respectively (170) . 

Using S^’, we can calculate the quantity, 

16S 

— ~ - 0.027 
r3 K 


for K - 20. If we make the reasonable assumption that the fluid veloc- 
ities at the four side walls ( V o, V l, V 2, V 3) are of the same sign and 
order of magnitude, the following approximation can be made, 


16S n /V + v_ — V.. — v„. ,v + v„. -v .v + v_. 
2 (o 2 1 3)-(o 2) = - ( o 2) 


7r3. 


K 


(3.46) 


for K - 20. From Eq. (3.45), 


168 


A = 


2 ,v +v -v -v„. ,v +v . 
o (o 2 1 3) - ( o 2) _ „ 

it K ^ - ( o 2) 


/ 256S, 

4 1 

3 ” K 

n K 


. 256S, 

4^ 1 

3 tf^K 


The possible error introduced by assumption (3.46) was examined 

by Ronald Milito (116) and by this author in a following section. 

For K - 20, Eq. (3.44) now becomes, 

. “ — ■ f 

- ( v 2 - v o) + h -V ; 4( T o tv 2) -i!ol^i + V2h 

2 'V 2 ~ 4 256S 1 ' 4 256s i 2 

3 1T 5 k 3 tt 5 k 

x = a 

2( v o + v 2) 

, 256S, 

4_ 1 

3 ir 5 ic 

which, reduces to 


r 



(3.47) 
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We now define the asymmetric factor. 


F = 


V 2 ~ V o 
T 2 +V C 


and the chamber constant. 


H = 


1 

3 


64S X 

tt 5 k 


Milito 's technique (Eq. 3.18) is used to solve for F. The position 

in the chamber of maximum electroosmotic flow, x , coincides with the 

m 

position of maximum observed cell velocity. From Eq, (3.18), the maxi- 
mum in observed cell velocity occurs at, 

-B 

X m “ 2C a 


where a is the chamber half width and B and C are respectively, the x' 

2 

and (x') coefficients obtained by regression analysis on a given observed 
cell velocity data set obtained using the front wall as an x’ origin. 

The position of maximum electroosmotic flow is determined by setting 
the first derivative of the fluid velocity equation to zero and solving 
for x. By assumption (3.46), the equation for electroosmotic velocity, 

Eq. (3.41), becomes, 


v f (x,o) 


-f- v 
2 o 


+ ( V 2 


v 

0 ) 2 l 


,,V r, 

ab( o 2 ) 

1 


4 A 

— a b - 


25 6 a A 


2 . 

x ) 


ir~ 


and. 


dv f (x,o) 
dx 


V 2 ~ V o 2 ab ( J q V 2 ) x 

2“ 4 3 256a i >S 1 

3 a b 5 — 


(3.48) 


dv f (x m ,°) 


At x = x , 7— 

m dx 


Therefore, rearranging Eq. (3,48) and substituting Eq. (3.18) for x^, 


yields. 


V 2“ V o 
V 2 + V o 


a _ 64a S 1 
3 ir5. 


a 64a 2 S 1 


which reduces to. 


V 2“ V o 
V 2 + V o 


(1 + 2ic } B 

^ = H (i + -S- ) 

x 64S X 2aC 

3 7T 5 K 


(3.49) 


Substituting Eq. (3.49) for F in Eq. (3.47) completes the solution; 
the stationary positions, x, measured from the midpoint in a rectangular 
chamber with a height/width ratio, K, of 20 or greater, during asym- 
metric flow are described by. 


X | - F- ^F 2 ~ II(H-2) ' 


(3.50) 


where H is the chamber constant. 


I 64. 

5 3 ~ 5 

tTK it I 


F is the asymmetric factor. 


F H(1 + 2aC ) 


a is the chamber half width and B and C are the coefficients previously 
defined. Transforming Eq. (3.50) to a system of axes with its origin 
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at the front wall of the chamher using the relationship, x 1 
and substituting the chamber width, xmax, for 2a, yields 
, xmax 


- X + a 


2H 


- F -\/f 2_ + H(H-2) 


+ - 


xmax 


or, 



(3.51) 


If K = °°, H = 3 and Eqs. (3.50) and (3.51) reduce to the previous 
asymmetric solutions for chambers with height/width ratios 40 or greater, 
Eqs. (3.19) and (3.20). If the electroosmotic flow is symmetric., F = 0 
and Eqs. (3.50) and (3.51) reduce to the Komagata results, Eqs. (3.21) 
and (3 . 22) . 


For a chamber with K = 20, = 1.005, H = 3.098 and from Eq. 

(3.51), the stationary positions are given by, 

1 


x = xmax 


•+ 0.1614 (-F ~\J F 2 + 3.4)' 


(3.52) 


Examination of Assumption (3.46) 

To check the passible error in the determination of stationary po- 
sitions using Eq. (3.52), and in the subsequent average mobility measure- 
ment at these positions, introduced by assumption (3.46), 


16 S 


1T 3 k 


2 /v + v n - v- - v,,.. _ /v +v„. 
( o 2 1 3) « ( o 2) 


the following calculation was done: 

Let V o = 1.6, V 2 = 1.0, V 1 = 0.6, and V 3 = 0.2, where V o, v l, V 2 
v 

and 3 are the fluid velocities along the chamber side walls as diagram- 
med in Figure 10(b). These values are chosen to reflect the maximum 
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asymmetry rarely observed across the chambers width (due to a calculated 
40% extreme difference between front and back wall fluid velocities) and 
to maximize the error introduced by assumption (3.46). Under these 
conditions of flow, Eq. (3.44), which due a not use the assumption, 
predicts the front stationary position at 0.2475 of the chamber width 1 , 
Eq. (3.52) predicts this position at 0.2374 of the chamber width, a 1% 
error. By using these positions to calculate the average cell mobility 
on a typical regression equation for a chamber with 0.7 mm width, 

x = -0.14 - 9.2 x' + 13 . 5(x l ) 2 

a 2.3% error in average mobility calculation results. Therefore, even 
under the extreme and unlikely conditions assumed for this test, that 
is that the fluid velocity along one wall of the chamber will be eight 
times that of another, the 2.3% error in average mobility calculation 
using Eq. (3.52) as a stationary position estimate in this example 
remains six times smaller than the average error of 15%. in the average 
mobility calculations using Komagata's equation for the prediction of 
stationary positions, Eq. (3.22), for the 13 experiments described in 
Chapter III, Part A. 

Experimental Support for the Theory 
Support for the theoretical prediction of stationary positions 
using Eq. (3.52) is given by three types of experimental evidence. A 
comparison was made of average cell mobilities measured at the estimated 
front and back stationary positions. For the 13 experiments with 
fixed erythrocytes described at the beginning of this chapter, the 
average mobilities measured at the corrected front and back stationary 
positions given by Eq. (3.52) were x^ithin 0.01% of each other. This 
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contrasts to the average difference of 22% in average mobilities measured 
at the front and back stationary positions determined by Komagata's 
equation (3.22) for the same experiments. 

A set of experiments was designed to test the uniqueness of the 
stationary positions predicted by Eq. (3.52). They entailed microscope 
measurements on mixtures of two cell types having distinguishable mor- 
phologies. Using Eq. (3.52). the stationary positions for each experiment 
were calculated independently from three sets of data: data from cell 

type 1, data from cell type 2, and the combined data from both cell 
types. Because all three data sets were obtained under the same electro- 
osmotic conditions for each experiment, all three stationary position 
estimates should be identical. The results of such an experiment using 
a mixture of fixed chicken and rabbit erythrocytes are plotted in 
Figure 7. The upper solid line is the least squares mobility parabola 
for chicken erythrocytes, the lower solid line is that for rabbit eryth- 
rocytes, and the central, dotted curve is that for the combined data. 

The stationary positions determined for each curve are also indicated. 

The results of 7 such experiments are compiled in Table 3. The average 
difference in these three estimates of the front stationary position 
for the 7 experiments was 0.47% of the chamber width. These reliable 
estimates depend on at least 30 observations for each cell type dis- 
tributed evenly throughout the chamber depth. 

The average mobilities of rat, chicken, and rabbit gluteraldehyde 
fixed erythrocytes, measured at the stationary positions estimated by 
Eq. (3.52) in a standard phosphate buffer (52) at 25°C, were compared 
to literature values. The mean mobilities of fixed rat and chicken 
erythrocytes were measured at -1.13 and -0.88 ym/sec/v/cm respectively. 




.... r. - — - ■ 


© 



Table 3. Front; Stationary Position Estimates Using Suspensions of Mixed Chicken and Rabbit Fixed 
Erythrocytes. 


Electrophoresis 

Buffer 

Temperature, 

°C 

Chamber Width, 
mm 

Front Stationary 
Position 
Estimate using 
mobility-depth data 
from Chicken RBC, 
nun 

Front Stationary 
Position 
Estimate using 
mobility-depth data 
from Rabbit RBC, 
mm 

Front Stationary 
Position Estimate 
using mobility 
-depth data from 
Rabbit and Chicken 
RBC, mm 

PSB 

1 

0.711 

0.147 

0.137 

0.141 

PSB + 5% Acoll 

1 

0.711 

0.128 

0.132 

0.129 

PSB + 102 Acoll 

1 

0,711 

0.137 

0.141 

0.139 

PSB 

1 

0.711 

0.139 

0.137 

0.138 

PSB 

4 

0.718 

0.132 

0.128 

0.131 

PSB 

20 

0.730 

0.129 

0.143 

0.135 

PSB 

37 

0.740 

0.143 

0.142 

0.143 
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by this technique. These compare to —1.10 for rat erythrocytes, ident- 
ically fixed, by Tenforde (167) , and —0.82 for chicken erythrocytes 
measured by vanOss. The average measured mobility of fixed rabbit 
erythrocytes was -0.30, consistently below the literature values for 
unfixed cells, -0.48 to -0.55 (2,25). ^ 

N85-31751 

A Computer Program for Determining the Electrophoretic Mobility of 
Cells in a Rectangular Chamber during Asymmetric Electroosmotic Flow 

Introduction 

In the field of cell electrophoresis, computer programs have been 
used for the estimation of zeta potential and surface charge density 
of specific charged chemical species from electrophoretic mobility 
data (106) . Computers are also used in laser Doppler spectroscopy 
electrophoresis to resolve the Doppler shifted frequency spectrum of 
laser light scattered from a cell suspension under influence of an 
electric field (187). 

The union of computer and microscope cell electrophoresis work in 
this laboratory has yielded several satisfying results. This approach 
reduces one tedious man-hour required to analyze the 200 data collected 
during a typical microelectrophoresis experiment to a few minutes. The 
method organizes and error-checks these data and stores them on permanent 
file for future reference or reanalysis. The computer also affords a 
mare accurate mobility measurement of cells observed in the chamber 
through the application of regression analysis and the asymmetric 
electroosmotic flow evaluation discussed earlier in this chapter. This 
computer analysis, accomplished in two steps by two main programs and 
a major subroutine, provides a quick, useful and realistic presentation 


H - 


• 1 f.5i i’ 
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of mobility data in histogram form, and is appropriate for any micro- 
electrophoretic work using rectangular chambers. Flow charts of these 
programs are diagrammed in Figures 11 and 12. Appendix A contains 
a computer listing. 

Program 1 

Description 

Program 1 is the first step of two in the analysis of mobility data. 
Its purpose is three-fold: (1) to read in and display raw mobility 
data for verification; (2) to determine the chamber depth and apparent 
mobility for each cell (the apparent mobility of a cell is defined as 
its observed velocity divided by the electric field strength and normal- 
ized for viscosity to that of water at 25°C) ; and (3) to punch these 
calculated data on cards for regression analysis by Program 2. 

Program 1 Input 

Electrophoretic data from each experiment are punched into standard 
IBM cards, forming a data pack. Each data pack consists of one header 
information card followed by a variable number of cell data cards. The 
header card data, format, and fields are as follows: 


Field 

Format 

Data 

card column 1-2 

12 

experiment number, must be equal to ’l' for 
the first data pack 

4-8 

F5.2 

micrometer reading for chamber thickness 

10-13 

F4.2 

number of reticule squares between scratches 
on the front chamber wall, to nearest; tenth 

15-18 

F4.2 

number of reticule squares between scratches 
on the back chamber wall, to nearest tenth 
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Field 

Format 

Data 

card column 19-24 

F6.5 

current (amperes)- 

25-30 

F6.5 

conductivity of buffer at experimental 
temperature (mho /cm) 

31-36 

F6.4 

viscosity of buffer at experimental 
t emp erature (cp ). 

38-43 

F6.4 

viscosity of water at 25°C, 0.8937 cp 

45-80 

9A4 

description of experiment 


Each cell data card which follows the header card contains data 
from four different cells with the possible exception of the last card 
in each data pack which may contain data from less than four cells. 

The data description, format and fields for the cell data cards are as 
follows: 


Field Format 


Data 


card columns 1-5 

F5.3 

micrometer reading of cell position 

7-8 

12 

number of reticule squares along which ci 
was clocked (reversals near the chamber 



walls will cause the cell to move toward 
the cathode and are noted by making this 
number of squares negative) 

10-13 

F4.1 

cell traverse time to left (seconds, to 
nearest tenth) 

15-18 

F4.1 

cell traverse time to right (seconds, to 
nearest tenth) 

20-24 

F5.8 

cell position 

26-27 

12 

reticule squares 

29-32 

F4.1 

time left 

34-37 

F4.1 

time right 

39-43 

F5.3 

cell position 
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Field 

Format 

Data 

card columns 45-46 

12 

reticule squares 

48-51 

F4.1 

time left 

53-56 

F4.1 

time right 

58-62 

F5.3 

cell position 

64-65 

12 

reticule squares 

67-70 

F4.1 

time left 

72-75 

F4.1 

time right 

79 

11 

blank unless last card of last data pack, 
then a negative sign 

80 

XI 

blank unless last card of any given data 
pack, then equal to the number of cells 
from which data are recorded on this last 
card (1-4) 


A data pack from a typical experiment with, say, 33 cell observa- 
tions would then consist of one header card followed by 10 cell data 
cards, the last card containing data from just two cells as indicated 
by the number '2' in card column 80. Program 1 can process a maximum 
of eight stacked data packs from eight experiments at a time. One 
hundred forty K bytes of core, 750 output records and 8 seconds actual 
time are adequate for the compilation and execution of such a job by 
Program 1 on the IBM 370-168 under Glevel Fortran. 

Program 1 Function 

Figure 11 provides a descriptive flow chart for Program 1 and 
Appendix A contains its computer listing complete with comment cards 
which describe the program algorithms. However, there are four criti- 
cal steps which deserve further explanation. 


START 


READ HEADER INFORMATION CARD. 


READ CELL DATA CARD 


CHECK 

+ 


PRINT OUT RAW DATA FOR VISUAL CHECK 


DETERMINE CHAMBER THICKNESS, XM AX; 
CROSS SECTION, A ; AND MAGNIFICATION 
FACTOR, F 


DETERMINE CELL DEPTH POSITIONS, X, 
FROM CORRELATION ALGORITHM 


DETERMINE CELL APPARENT MOBILITIES 
,, - 15 - 6n (\ ifr n x Y KA ^ \ 


PRINTOUT, PUNCHOUT CELL 
POSITIONS, APPARENT MOBILITIES 



CHECK 
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Calculation of Call Depth in the Chamber 

The position of a cell in the electrophoresis chamber is conven- 
tionally obtained in two steps. First the micrometer reading on the 
microscope fine-focus knob is recorded when the cell is in good focus. 
Then this reading is converted to the actual distance in millimeters 
from the inside surface of the front chamber wall to the cell by using 
a nonlinear correlation curve which is graphed in the instrument manual 
(202). To automate this second step, four linear segments were fitted 
to the correlation curve. These linear segments are plotted in Figure 
12, which overlays the original curve in the manual very closely. The 
algorithm for calculating cell depth determines which linear segment 
contains the micrometer reading ordinate, and then interpolates on that 
segment at that position for the chamber depth in millimeters. 


Calculation of Chamber Cross Section 

By Eq. (2.2), the determination of electric field strength on the 

cell suspension requires an accurate measurement of the cross sectional 

area of the chamber. For rectangular chambers, this area was observed 

to increase by more than 1S% through the temperature range 1°-37°C. 

Assuming the coefficient of expansion is equal along both the height 

2 

and width of the chamber, the cross section. A, in cm for a rectangular 
chamber with a height/width ratio of 20 is accurately given by 


A = 


. xmax . 
1 10 J 


2 


20 


2 

xmax 

5 


(3.53) 


where xmax is the inside width of the chamber in mm at the experimental 
temperature, determined using the depth correlation algorithm just de- 


scribed. 
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Calculation of the Magnification Correction Factor 

The microscope magnification of the cytopherometer increases lin- 
early with focal length. Therefore the greater the depth at which a 
cell is observed, the faster it appears to move. This error is compen- 
sated for using a correction factor which linearly decreases with depth 


(1 + (F - 1) 


X 

xmax 


) 


where xmax is the inside chamber thickness, x -is the distance from the 
inside front wall to the cell, and F is the ratio of magnification at 
the front wall to that at the back wall (202). The experimental pro- 
cedure for determining F is covered in Chapter II. 


Calculation of Apparent Cell Mobility 

The apparent mobility of a cell is defined as its observed velocity, 
v q , divided by the electric field strength it experiences, E, and nor- 
malized for viscous drag to that of water at 25°C. The observed veloc- 
ity is determined by clocking the cell along the squares of a reticule 
in the microscope eyepiece, each square representing a corrected mag- 
nified distance or 15.6 microns. The data entry for the program requires 
clacking the cell along the same number of reticule squares for both 
Its left and right measurement. Using Eq. (2.2), the apparent mobility, 
in pm/sec/V/cm, is given by, 

V r) rp v AK n m 

_ o m, T o T m, 1 

U a. ~ E nH 2 0, 25°C ~ 1 0.8937 


or 


9 

xmax~K 


= 


- 15 -6n 


(t + t , 

- L r) 


T °m,T 


(1 + (F-l) xmax ) I5 0.8937 


(3.54) 
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C 


r 


v 


where n is the number of reticule squares the cell was clocked along 

(equal for both left and right measurements), t and t are, respective- 

L r 

ly, the cell migration times in seconds to the left and right, F is the 
magnification ratio, x and srnax are, respectively, the cell position and 
the chamber width in mm, I is the current through the chamber in amperes, 
and K^, and ^ are, respectively, the specific conductivity in mho /cm 
and the viscosity in centipoise of the cell suspension at the experimental 
temperature, T. 



Program 1 Output 

All the raw electrophoretic data fed to Program 1 are printed out 
to provide a visual check for obvious errors before proceeding to the 
regression and asymmetric flow analysis in Program 2. Common errors 
include missing or misplaced decimal points, nonarithmetic characters 
and incorrect data fields. If an error is found, the data card is re- 
punched and Program 1 is run again. The following is an example of 
a verification printout of a single experiment by Program 1: 



DATA FOR RUN 1: FIXED CHICK RBC, PSB, 1 DEG 

MAGNIFICATION FACTOR = 0.926 CHAMBER THICKNESS = 0.711 MM 

FRONT STATIONARY PLANE = 0.144 M BACK STATIONARY PLANE = 0.5S7 MM 

MEDIUM VISCOSITY = 2.1S30 CENTIPOISE WATER VISCOSITY = 0.8937 CENTIPOISE 

MEDIUM CONDUCTIVITY = .00033 MH0-CM CURRENT - .00084 AMPS 

NUMBER OF DATA POINTS =36 
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X 

RET 

SECL 

SECR 

0.041 

-1 

7.2 

5.5 

0.229 

2 

4.8 

7.6 

0.253 

2 

3.9 

5.4 

0.299 

2 

• 

3.6 

4.5 

■ 

* 


* 

* 


'X', 'EXT 1 , ’SECL', and 'SECR' are the tabulations, respectively, of 
the micrometer readings for each cell, the number of reticules the cell 
was clocked along (equal for both left and right measurements, negative 
to indicate reversals), and migration times to the left and right. The 
stationary positions indicated are the Komagata predictions and are not 
corrected for asymmetric flow. 

In addition, for each cell measured Program 1 prints out its cal- 
culated chamber position in millimeters (in the order of increasing 
depth) and its apparent mobility by Eq. (3.54) in pm/sec/V/cm: 


CHAMBER DEPTH 
0.0125 
0.1392 
0.1545 


CELL MOBILITY 
0.393 
-0.625 
-0.832 


These data are also punched into card output by Program 1, one data pair 
per card in (1QX, 2F10.6) format along with proper control cards as 
specified by the P0LY2 regression analysis routine used in Program 2 and 
discussed in the next section. 
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Program 2 

General Description 

Program 2 consists of the main program, P0LY2, which fits a least 
squares parabola to the apparent mobility data generated by Program 1, 
and the subroutine EXTRA which determines actual cell mobilities using 
the regression curve equation. About 180 K bytes of core, 1200 output 
records, and 15 seconds actual time are adequate for the G level Fortran 
IV compilation and execution of Program 2 on the IBM 370-168 using data 
from a typical electrophoresis experiment. 

P0LY2 Input, Function, and Output 

POLY2 is a library routine for polynomial derivation at The Pennsyl- 
vania State University Computation Center (PSUCC) . The center provides 
documentation on the control cards which invoke P0LY2 and specify the 
polynomial degree and output format desired by the user. 

For each experiment, the input for POLY2 simply consists of the 
punched card output from Program 1: five P0LY2 control cards ( ’ PARA- 

METER 1 , ’FORMAT' , ’OUTPUT’, ’TRANSFER' , and ’END'), the cell positions 
and the apparent cell mobilities, one data pair per card in standard 
(10X, 2F10.6) format. PQLY2 accepts such data from one to eight exper- 
iments at a time. 

The function of P0LY2 is to calculate the coefficients of the 
second degree polynomial which provides the least squares fit to the 
apparent mobility versus chamber depth data obtained from a single 
microelectrophoretic experiment, POLY2 also calculates the ordinate 


errors by this fit. 
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PQLY2 prints the results of its least squares analysis as shown in 
the following example: 

LEAST SQUARES POLYNOMIAL FIT 
RBC SEPARATION 

DEGREE = 2 POINTS FITTED =36 
*POLYNOMIAL* 

Y = +1.934289D - 01 -6-749936DOO*X**l -P 9.4439366DOO*X**2 

SUM OF ERRORS = 2.3092639D - 14 
SUM OF ABSOLUTE ERRORS = 3.129534 2D00 
SUM OF SQUARES OF ERRORS = 4.8081803D - 01 

The two digits and their arithmetic sign following each ! D' constitute 
the base 10 exponent of the eight digit mantissa which prefaces that r D'. 
A single asterisk represents a multiplication; a double asterisk, an 
exponential. 

Input, Function and Output of Subroutine EXTRA 

Subroutine EXTRA completes the analysis of mobility data by pro- 
viding routines for determining stationary positions in the chamber 
during asymmetric flow, for calculating the average cell mobility and 
its statistical confidence intervals, and for generating mobility histo- 
grams and optimal mobility parabola graphics for each experiment. 

There are two sources of input to subroutine EXTRA: two punched 

cards generated by Program 1 containing the experiment description, 
desired histogram characters, and symbols and axes labeling for the 
plotting routines; and data in COMMON with the POLY2 program which in- 
clude apparent mobilities, cells positions, regression coefficients, and 


least 


squares errors. 
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The function of EXTRA is outlined by Figure 13, a descriptive flow 
chart, and by Appendix B, a computer listing complete with comment cards 
which describe the subroutine algorithms. The subroutine contains four 
major routines which are described here in more detail with their output 
format. 

Plot Routine 

As a user option, EXTRA can plot the apparent mobility versus depth 
parabola for each experiment. EXTRA contains three routines, PLOTIT, 
SAMEP, and EPLOT, which use the Quick Draw Graphics System (QDGS) sub- 
routines to generate punched card output for graphics. All three plot- 
ting routines are contributed library programs complete with user docu- 
mentation at PSUCC. Their graphical output (punched card) is fed to a 
dedicated IBM 1401 computer under the execution of the PSUCC plotting 
program, DRIVEQ, to initiate plotting commands to a Calcomp (California 
Computer Products, Inc.) drum plotter, model 564. Plotter output is 
produced on 18-inch paper and typical mobility curves are shorn in 
Figure 6, Apparent cell mobilities, the regression curves and the sta- 
tionary positions for each experiment are indicated on the plot. These 
plotting routines, opted for by setting the sense switch 'PLOT 1 in 
EXTRA to 1.0, provide a convenient verification of the parabola fit to 
the mobility data and a visual representation of stationary positions 
and the asymmetric profile of electroosmotic flow across the chamber 
depth. 
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Figure 13, Program 2 flow chart. 
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Stationary Position Estimates with Asymmetric Flow 
Correction 

Stationary positions in the chamber are calculated by EXTRA using 
Eq. (3.52), derived earlier in Chapter III. For a rectangular chamber 
with a height /width ratio o£ 20, the stationary positions are given by 

x = xmax (.5 + .1614 (F - F 2 + 3.4)) 


B 

where F — 3.098 (1 + - ) , xmax = 2a is the chamber width, and B and C 
are regression coefficients described in the previous section of this 
chapter. The value of the mobility parabola at these corrected station- 
ary position estimates is taken as the average mobility of the cell 
sample. For each experiment, EXTRA prints out the uncorrected Komagata 
stationary positions, the stationary positions corrected for asymmetric 
flow, the average cell mobility measured at each of these positions, and 
the errors introduced by the assumption of symmetric electroosmotic flow 
as shown in the following example: 


RUN 5: FIXED CHICK RBC, PSB, 20 DEG 

PLOT SYMBOL + 

**********ASYMMETRIC flow analysis********** 

STATIONARY POSITIONS AVERAGE MOBILITY OF 




(MM) 

POPULATION, 

MEASURED AT: 


FRONT 

BACK 

FRONT 

BACK 

UNCORRECTED FOR 
ASYMMETRIC FLOW 

0.148 

0.583 

-1.404204 

-0.859257 

CORRECTED FOR 
ASYMMETRIC FLOW 

0.129 

0.565 

-1.135999 

-1.136017 

uncorrected 

ERROR 

-2.6 

-2.5 

-.268 

0.277 


(% OF CHAMBER WIDTH) (um/sec/V/cm) 

ASYMMETRIC INDEX - 0.152 
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The asymmetric index given is the value of the asy mm etric factor, F, 
for the particular experiment as previously described. 

The Determination of Statistical Confidence Intervals 
about the Calculated Average Cell Mobility 

The confidence interval, Ap, about the average cell mobility, 

p(sp), is determined using the equation 

All - -t (n-3 , a/2 " * + i + ■ -y 

n(Zx ) - (lx) (3.55) 

where t is the two-tailed critical value corresponding to a given 
probability of error, a, sp is the stationary position, and n is the 
number of measurements of mobility, p, at chamber depth x (78). Inter- 
vals about the average cell mobility are generated for 90, 95, 98 and 99% 
confidence as shown in the following example: 

ft**********C0NFIDENCE INTERVAL ESTIMATE********** 

FSP MOB(FSP) INTERVAL % CONFIDENCE 

0.129 -1.135999 0.482485 90 

0.573133 95 

0.652085 98 

0.754431 99 

The average mobility, 'MOB', and its confidence intervals are calcu- 
lated in ym/sec/V/cm at both the front stationary position (FSP) and 
the back stationary position (BSP). 

The Calculation of Cell Mobilities for Mobility Histograms 

The mobility of an individual cell observed at a depth x in the 
chamber, moving at the observed velocity, V q , is given by Eq. (3.4), 
derived previously in Chapter III, 
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“ ^raf + 4l, a (3t > 

where p ^ is the mobility of the reference parabola at the stationary 
positions and Ap^(x) is the ordinate displacement between the observed 
apparent mobility of a cell and the reference curve at x. EXTRA, repeats 
this calculation for each cell clocked and generates mobility histograms 
of specified class width by determining the number of these cells having 
mobilities within each class and printing them out in the following for- 
mat; 


**-v -MOBILITY HISTOGRAM************** 


RANGE 


N 

FREQUENCY 

-0.75- 

-0.80 

1 

A 


-0.80- 

-0.85 

1 

A 


-0.85- 

-0.90- 

1 

A 


-0.90- 

-0.95 

3 

JL 

A A 

-0.95- 

-1.00 

2 

JL 

.* 

A 

-1.00- 

-1.05 

2 



-1.05- 

-1.10 

1 

A 


-1.10- 

-1.15 

3 

jf 

A A 

-1. 15— 

-1.20 

4 

A 

AAA 

-1.20- 

-1.25 

3 

A 

A A 

-1.25- 

-1.30 

4 

A 

A J. J, 

f> rt A 

-1.30- 

-1.35 

3 

A 

A Vtf 

-1.35- 

-1.40 

1 

A 


-1.40- 

-1.45 

2 

A 

A 

-1.45- 

-1.50 

1 

A 


-1.50- 

-1.55 

0 



-1.55- 

-1.60 

1 

A 
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Histogram class widths are expressed in pm/sec/V/cm. For each experi- 
ment EXTRA can produce a set of histograms, each with a different, 
user-specified class width. This is elected for by setting the sense 
switch HIST to the number of histograms desired and entering the class 
width values into the array RES, 

A Review for Using the Programs 

The first step in the computer analysis microelectrophoretic data 
is to use the cytopherometer worksheet to record data during experiments. 
This serves as a guide for an even distribution of observations across 
the chamber depth and as a reminder for other measurements required by 
the programs. These data are then punched into cards following the for- 
mat specified by 'Program 1 Input 1 , and fed to Program 1. Data packs 
from a maximum, of eight experiments can be stacked and run at a time. 

The printed output from Program I is reviewed for data errors. If any 
are found, they are corrected and the data is again fed to Program 1. 

The punched card output from Program 1 is submitted with Program 2 after 
selecting the sense switches for the desired output format. Generally 
the plot routines are expensive and not elected. All punched card data 
are stored for future reference or reanalysis. 
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APPENDIX 4A, Fortran program for microscopic electrophoresis 
data analysis. 

C 

G 

C THIS PROGRAM CONVERTS RAW DATA FROM THE CYTOPHEROMETGR TO PUNCHED 

C DATA FOR A CURVE FITTING PROGRAM WHICH CALCULATES CELL MOBILITY 
C 
C 

C DEFINITION OF VARIABLES 

C 

C A=ARRAY CONTAINING EXPERIMENTAL DESCRIPTION (LITERAL) 

C AHFS=CURRENT THROUGH CHAMBER (AMPERES) 

C BKRET=N UMBER OF RETICULES BETWEEN REFERENCE SCRATCHES ON RACE WALL 

C BSP=UNCORRECTED BACH STATIONARY POSITION 

C CHECK=N UMBER OF DATA POINTS ON LAST CARD OF EACH EXPERIMENT 
C (NEGATIVE IF LAST EXPERIMENT IN DATA PACK) 

C ERROR=ERROR FLAG FOR INAPPROPRIATE DATA 
C F=MAGNIFICATION FACTOR 

C FRTRET=NUMBER OF RETICULES BETWEEN REFERENCE SCRATCHES ON FRONT 
C CHAMBER WALL 

C FSP=UNCORRECTED FRONT STATIONARY POSITION 

C K=CONDUCTIVITY OF BUFFER (MHO-CM) 

C MOB=ARRAY CONTAINING APPARENT CELL MOBILITIES 

C NUMPTS=NUMBER OF CELLS MEASURED FOR GIVEN EXPERIMENT 

C NUMRET=NUM£ER OF RETICULES CELL WAS CLOCKED FOR 

C RIJN 13 EXPERIMENT NUMBER 

C SUMX=S tJM OF CHAM3ER DEPTH .'OSITIONS 

C SUMXSQ=SUM OF SOUARES OF DEPTH POSITIONS 
C T IMEL^T RAVERS E TIME, MOVING LEFT (SEC) 

C T IME R=TR AVE RSE TIME, MOVING RIGHT (SEC) 

C VISCSM=VISCOSITY OF BUFFER MEDIUM AT EXPERIMENTAL TEMP. (CP) 

G VISCSW=VISC0SITY OF WATER AT EXPERIMENTAL TEMP. (CP) 

C X=MICROMETER READING (Mil) 

C XMAX-CHAMBER THICKNESS (MM) 

C 

DIMENSION X(20Q) ,NUMRET(200) ,TIMEL(200) ,TIMER(200) ,A(9) 

REAL K, MOB (200) 

INTEGER RUN, CHECK • 

PUNCH FORMAT CARDS FOR CURVE FITTING PROGRAM, POLY2 
10 WRITE (7, 17) 

17 FORMAT ( ' PARAMETER RBC SEPARATION' , 14X,' 02" ,8X, '02' ,8X, ' 01 9X ,' 1 ' / 
1 ' STANDARD FORMAT' /'OUTPUT 2') 

SUMX=0.0 
SUMXSCM3.0 
L=0 

ERROR=0 .0 


READ HEADER INFORMATION CARD FOR NEXT EXPERIMENT 


READ (5,20) RUN , XMAX, FRTHET , BKRET, AMPS , K, VISCSM, VISCSW , ( A( I ) ,1=1,9) 
20 FORMAT (12, IX, F5 .3 , IX, F4.2, IX, F4.2, F6.5 , F6.5 , F6.4, IX, F6.4, 

11X,9A4) 

30 J=L+1 


nno nnoonn onnnn noon nnn nno 
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L=J+3 


READ NEXT DATA CARD 

RlAD( 5 , 40) (X(I) , NUMRET ( I ) , TIMEL ( I ) .TIMER (I) ,I=J,L) , CHECK 
40 FORMAT(F5.3,lX,I2,lX,F4.1»lX,F4.1 , 1X,F5 . 3,1X,I2,1X,F4.1, 1X,F4.1,1X 
i,F5.3, IX, 12, 1X,F4. 1 , IX, F4. 1 , 1X,F5 .3, IX, 12, 1X,F4. 1 , 1X,F4. 1,3X, 12) 

CHECK FOR REMAINING DATA CARDS FOR GIVEN EXPERIMENT 

IF (CHECK) 5 0,30, 50 
50 NUMPTS=L+IABS( CHECK) ~4 

CONVERT MICROMETER READING TO ACTUAL CHAMBER DEPTH BY 
INTERPOLATION ON CORRELATION FUNCTION 

XMAX=.633+(XMAX-1 - 10) / ,45* .233 
FSP=XMAX* . 2024 
ESP=X11AX*.7976 


DETERMINE CHAMBER CROSS SECTION , CONSIDERING THERMAL EXPANSION 
AND CONTRACTION, BY CONVERTING XMAX FROM MM TO CM, SQUARING, AMD 
MULTIPLYING BY THE HEIGHT/ WIDTH RATIO OF 20. 

AREA=XMAX**2/5 . 

CONST=15.6*2.0*K*AREA/AMPS*VISCSM/VISCSU 
CALCULATE THE MAGNIFICATION FACTOR 


F=FRTRET/ BKRET 


PRINT OUT FOR DATA VERIFICATION 

WRIT E ( 6 , 6 0 ) Rt J M , ( A ( I ) , 1= 1 , 9 ) , F , XM AX , FS P , B 8 P , VI S C SM , VI S C SI I , K , AMP S , 
1NUMPTS 

60 FORMAT (/' ID ATA FOR RUN '',12,' : ',9A4, /' MAGNIFICATION FACTOR 

1 = F5. 3, 4X,' CHAMBER THICKNESS =' ,F5.3,'MM' ,4X,' FRONT STATIONARY 

2PLAME =' , F5 . 3 , ' MM' , 4X , ' BACK STATIONARY PLANE =' , F5 . 3 , ' MM ' /' MEDIUM 
3 VISC0SITY=',F6.4,' CENTIPOISE' ,3X, ' WATER VISCOSITY®' ,75 .3 , ' CENTI 
4P0ISE' ,4X, 'MEDIUM CONDUCTIVITY =' ,F6. 5,' MHO-CM' ,4X,' CURRENT = 
5' ,F6.5 ,' MIPS' /' NUMBER OF DATA POINTS =' ,I3/'0' ,4(' X RET 
6SECL SECR' , 10X) ) 

DETERMINE MATRIX PARAMETERS FOR DATA PRIMT OUT 

LEFT=MOD(NUMPTS,4) 

IROW=NUMPTS / 4 
IF(LEFT.NE.O) IR0W=IR0W+1 
L IMIT 1 =IR0 W-4+L EFT 
L IM IT2= L II IIT 1+1 
INC 1=3* IRON 
INC2=2*1R0W 

IF (LEFT. EG. 0) INC2=INCl 


noon non non noon on 


DO 62 J=l, LIMIT! 
N=J+INC1 
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PRINT OUT FOR DATA VERIFICATION 

62 WRITE(6 ,63) (X(I) ,MUMRET(I) ,TIMEL(I) ,TIflER(I) ,I=J,N,IROW) 

63 FORMAT C' ' ,4(F5 .3 , IX, 12, IX, F4 .1 , 1X,F4 . 1 , L1X) ) 

DO 64 J=LIMIT2,IR0W 

N=J+INC2 

64 HRITE(6,63)(X(I),NUMRET(I),TIMEL(I) ,TIMER(I) ,I=J,N,IR0W) 

CONVERT MICROMETER READINGS TO ACTUAL CHAMBER DEPTH BY 
INTERPOLATION ON A 4-SEGMENT CORRELATION FUNCTION 

68 DO 170 1=1 ,NUMPTS 
IF(X(I)~. 16)70,80,80 
70 X(I)=X(I)/.16*.l 
GO TO 160 

80 IF(X(I)“. 65) 90,100,100 
90 XCI) = dH-(X(I)-.16)/.49*.287 
GO TO 160 

100 IF (X (I)-l .10)110,120,120 
110 X(I)= ,387+(X(I)-.65) / .45*. 246 
GO TO 160 

120 IF(X(I)-1. 55)130, 140, 140 
130 X(I) = .633*KX(I)-1 . 10) / .45*. 233 
GO TO 160 

DATA ERROR DIAGNOSTIC 
140 WRITEC6, 150)1, X(I) 

150 FORMAT (' RECHECK DATA POINT ',13/ =',F10.3) 

ERROR=1.0 

CALCULATE APPARENT MOBILITY 

160 MOB(I)=-CONST*NmiRET(I)*(l.+(F-l.)*X(I)/X!lAX)/(TIMELCI)+TIMER(l)> 
SIIMX=SUMX+X(I) 

170 SUMXSq=SUMXSO+X(I)**2 

RESEQUENCE DATA ARRAYS BY INCREASING CHAMBER DEPTH FOR EFFICIENT 
PLOTTING 

DO 180 1=1 jNUMPTS 
L=I 

XMIN=X(I) 

DO 172 J=I,NUMPTS 
IF(X CJ)-XMIN) 171 , 172 , 172 

171 L=J 
XMIN=X(J) 

172 CONTINUE 
ST0RE=M08(L) 

MOB (L) =11013 (I) 


non nnno non 
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X(L)=X(I) 

MOB (I)=STORE 
X(I)=XHIN 
ISO CONTINUE 

PRINT OUT MOBILITIES FOR VERIFICATION 
WRITE (6 , 185) 

185 FORMAT ( ////' ',4(' CHAMBER CELL' , 12X) /' ',4(' DEPTH MOBILIT 
1YM1X)) 

DO 190 J=1 , LIMIT 1 
N=J+INC1 

190 WRITE (6, 193) (X(I) ,MOB(I) ,I=J,N,IROW) 

193 FORMAT (' ' ,4(F6 .4 , 5X.F6.3 , 12X) ) 

DO 195 J=LIMIT2 , IROW 
N=J+INC2 

195 WRITE(6, 193} (X (I) ,M0B(I) ,I=J,N,IROW) 

200 IF ( ERROR. NE. 0. 0) CO TO 225 

PUNCH CHAMBER POSITIONS, APPARENT MOBILITIES FOR CURVE FITTING 
PROGRAM 


210 URITE{7 , 220) (X(I) ,MOB(I) , 1=1 ,NUMPTS) 
220 FORMAT ( 1 OX , 2F 1 0 . 6 ) 

CHECK FOR REMAINING EXPERIMENTS 


C 


C 

c 

c 


225 IF (CHECK) 250,230,230 

PUNCH FORtLAT CARDS, AXES LABELING AND SYMBOLS FOR PLOT, HISTOGRAM 
CHARACTERS , AND EXPERIMENTAL DESCRIPTION FOR CURVE FITTING PROGRAM 


230 WRITE(7,240) RUN,XMAX,FSP,BSP, (A(I) ,1=1,9) , CHECK, SUMX, SUMXSQ 
240 FORMAT ('TRANSFER' /12X,' CHAMBER DEPTH, MM' , 17X/M .'BILITY HICRON/SEC 

1 /VOLT/CM' /' *0-t •, 123 ********************************************** 

2***'/l2,3F5.3,9A4,-I2,2Fl0.A) 

GO TO 10 


250 MRTTE(7,260) RHN,XMAX,FSP,BSP, (A(T) ,T=1 ,9) ,CtlECK,RHHX, SUMXSQ 
260 FORMAT ( 'END' /12X,' CHAMBER DEPTH, MM' , 17X, ' MOBILITY MICRON/SEC 
1 /VOLT / CM' / ' *0+“ , 123 ********************************************** 
2***' /I2,3F5 .3,9A4, 12, 2F10.4) 


END 
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SUBROUTINE EXTRA 
C 

C THIS SUBROUTINE IS CALLED BY A CURVE FITTING PROGRAM, POLY2 , WHICH 

C GENERATES A REFERENCE PARABOLA FROM MOBILITY DATA. THIS SUBROUTINE 

C DETERMINES STATIONARY POSITIONS, CELL MOBILITY, DATA PLOTS, 

C CONFIDENCE INTERVALS, AND MOBILITY HISTOGRAMS FOR EACH EXPERIMENT. 

C 

C 

C DEFINITION OF VARIABLES 

C 

C A=ARRAY CONTAINING LITERAL DESCRIPTION OF EXPERIMENT 
C R=ARRAY OF HISTOGRAM SYMBOLS 

C BSP=BACK STATIONARY POSITION 

C C=ARRAY OF % CONFIDENCE FOR I-INTERVAL 

C CHECK=FLAC FOR LAST EXPERIMENT 

C CIEBSP=MOBILITY CONFIDENCE INTERVAL AT BACH STATIONARY POSITION 

G CIEFSP=MOBILITY CONFIDENCE INTERVAL AT FRONT STATIONARY POSITION 

C COEFN=ARRAY CONTAINING REGRESSION COEFFICIENTS 

C DX=X INCREMENT FOR REGRESSION CURVE PLOT 

C FACTOR=ASYMMETRIC FACTOR 

C FSP=FRONT STATIONARY POSITION 

C HIST=SWITCH FOR HISTOGRAM ROUTINE, 0=M0 HISTOGRAM, 

C 1 = .05 MICRON/ SEC/V/CM CLASS WIDTH HISTOGRAM, 2=.05,.O2 CLASS 

C WIDTH HISTOGRAMS, 3=.05, .02, .01 CLASS WIDTH HISTOGRAMS 

C LABEL=ARRAY CONTAINING AXES LABELS FOR PLOT 
C MOBBSP=MORILITY AT RACK STATIONARY POSITION 
C MOBFSP=MOBILITY AT FRONT STATIONARY POSITION 

C NBRPTS=NUMBER OF POINTS CONNECTED BY PLOTTER TO REPRESENT 
C REGRESSION CURVE 

C OBS=NUMBER OF OBSERVATIONS (CELLS) FOR EXPERIMENT 
C FLOT=SWITCH FOR PLOT ROUTINE, 0.0=MO, i.0=YES 

C RES=ARRAY CONTAINING HISTOGRAM CLASS WIDTHS (MICRON/SEC/V/CM) 

C RUN=EXPERIMENT NUMBER 

C STAT=SWITCH FOR STATISTICAL ROUTINE, O.O^NO, 1 .0=YKS 

C SYM=ARRAY OF PLOT SYMBOLS 

C T=T— I NT ERVAL VALUES' 

C X , Y=AP.RAYS OF CHAMBER POSITIONS, APPARENT MOBILITIES 
C XMIM=X ORIGIN FOR PLOTTER 

C XPLOT , YPLOT=ARRAYS OF X,Y POINTS TO BE PLOTTED 

C 

C 

REAL *4 PI 

REAL*8 COEFN ,X, Y , ERRSUM, ERRSAB , ERRSSO , YPRED , DIFNT , RES 
COMMON COEFN(41) ,X(2000) ,Y(2000) .ERRSUM, ERRSAB, ERRSSO, YPRED, 
IDIFNT,PI(5) ,K,I 

INI EGER*2 A1 (500) ,A2(500) ,A3(500) 

LOGICAL*! SYM(8) ,LABEL(40 , 2) 

DIMENSION B(50),RES(3) 

REAL R1 (6,500) 

REAL XPLOTUOOO) ,YPLQT(2000) ,MOBFSP,MOBBSP,MOBFTW,flOBBKW,A(9) ,T(4) 
I,CIEFSP(4) ,CIEBSP(4) 

INTEGER RUN , CHECK, C(4) ,UIST 

DATA T(l) ,T(2) ,T(3) ,T(4) /! .65 , 1 .96 ,2.23 , 2 . 58/ ,C( 1 ) ,C(2),C(3) ,C(4)/ 
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190 ,95 , 98,99/ , RES (1) ,RES(2) ,RES(3) /.05, .02, .01/ 

NBRPTS=4Q0 
XMIN=0 . 0 
0BS=I 
C 

C SET OUTPUT SWITCHES 
C 

PL0T=1 . 0 
FLOT=0.0 
STAT=G . 0 
STAT=1 . 0 
HIST=0 
HIST=2 
RIST=3 
UIST=1 
C 

C READ PLOT AXES LABELS, PLOT SYMBOLS, HISTOGRAM SYMBOLS, 

C EXPERIMENTAL DESCRIPTION 

C 

READ ( 5, 40) ((LABEL (I, J) ,1=1,40) ,J=1,2) 

READ (5, 40) (SYM(I) ,1=1 ,8) , (B (I) ,1=1,50) 

40 FORMAT (8 0A1) 

READ (5,50) RUN,XMAX, FSP,BSP, (A( J) ,J=1,9) , CHECK, SUMX,SUMXSO 
50 FORMAT ( 12 , 3F5 . 3 , 9A4 , 12 , 2F10 . 4) 

C 

C PLOT ROUTINE 

C 

IF (PLOT. EQ. 0.0) GO TO 250 
I=OBS 

DO 100 J=1,I 
XPLOT(J)=X(J) 

100 YPLOT (J)=Y(J) 

IF (RUN. ME. 1) GO TO 150 
CALL INITQ(A1,A2,A3,R1,500) 

C 

C PLOT AXES, LABELS, 'AND DATA FROM FIRST EXPERIMENT 
C 

CALL PLQTIT (YPLOT ,1,0, 0,8. ,5.4,0. , .04,18 , 2.0,-. 2, 20, LABEL, Or, , .72, 
12. 2 . 1 , XPLOT , SYM( 1 ) ,1,. 060, 2,1, .125) 

XPLOT (1)=. 72 
YPLOT (l)=-2.0 
YPLOT (2) =2.0 
XPLOT (2) =.72 
C 

C COMPLETE AXES PLOT 
C 

CALL SAMEP (YPLOT , 2 , XPLOT , SYM, 0) 

GO TO 160 
C 

C PLOT DATA FROM NEXT EXPERIMENT ON SAME PLOT 
C 

150 CALL SAMEP (YPLOT, I, XPLOT, SYM(RUN) ,1) 

160 DX=(XMAX“XMIN) /NBRPTS 
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.ORIGINAL PAGE 'IS 
DO 200 J=1 ,NBRPTS gp pQQft QUALITY 

RI-J-1 

XPLOT ( J) =XUIN-PRI*DX 

200 YPLOT ( J )=C0EFN ( 1 HCOEFN (2 ) *XPLOT ( J)+CO£FN ( 3 ) *XPL0T ( J ) **2 
C 

C PLOT REGRESSION CURVE 
C 


CALL SAMEP (YPLOT , NBRPTS , XPLOT , SYM , 0) 

250 WRITE(6,300) RUN, (A(J) ,J=1 ,9) , SYM(RUN) 

300 FORMAT/—' , 'RUN' ,12/ : ',9A4/' '/PLOT SYMBOL ',Al///'0', 
C 

C ROUTINE FOR STATIONARY POSITION DETERMINATION 
C 


1'***^******************ASYMIIETRIC FLOW ANALYSIS*********"******** 
2 *****'//' '/IX/ STATIONARY POSITIONS (MM) AV. MOBILITY (MICRON/ 
3SEC/V/CM) ' /' ',40X/OF POPULATION, MEASURED AT:'/' 19X/ FRONT' , 

43X, ' BACK' , 16X/ FRONT' , 3X, ' BACK' ) 


C 

C CALCULATE AVERAGE MOBILITY AT UHCORRECTED STATIONARY POSITIONS 
C 


HORFSP=COEFN ( i)+OOEFH ( 2) *FSP+COEFN(3) *FSP**2 
MOB BS P=CO SF N ( 1 HCOEFN ( 2) *BSP+COF,FN ( 3 ) *BSP**2 
URITE(6 , 360) FSP ,BSP ,M0BFSP .MOBRSP 
360 FORMAT (/' ' /UMCORRECTED' ,8X, F5 .3 ,2X, F5 .3 , 13X, F1Q .A,2X , F10 , A/' 
2 'FOR ASYM* FLOW') 

STORE i=FSP 


STORE2=BSP 
STORE3=MOB FSP 
STORE4=MOBBSP 

FACTO R= 3 . 09B* ( I . O+COEFN ( 2 ) / ( COEFN ( 3 ) *XMAX) ) 

X2=XMAX* (-5+. 1614* (— FACTOR-SQRT ( FACTOR**2+3 . 4 ) ) ) 

X1=XMAX* ( . 5+. 1 61 4* (— FACTOR-rSORT ( F ACTOR**2+3 . 4 ) ) ) 

FSP=AMINI(XI,X2) 

BSP-AMAX1 (XI ,X2) 

C 

C CALCULATE AVERAGE MOBILITY AT PREDICTED STATIONARY POSITIONS 
C 

350 MOB FSP-CORFN ( 1 ) +COEFN ( 2 ) *FSP+COF.FN ( 3 ) * FSP**2 
MOBBSP=COEFN ( 1 )+COEFN (2 ) *BSP+CQEFN (3) *BSP**2 
WRITE (6 , 370 ) FSP , BSP , MOBFSP , MOBBSP 

370 FORMAT(/' ' ,IX/ CORRECTED’ , 9X,F5.3,2X,F5.3, 13X, F10.6,2X,F10.6/' ' 
1/FOR ASY’t. FLOW') 

ST0RE1=( FSP-STOR.E1 ) /XMAX*1 00 . 

STORF>2= ( BSP-STORE2) /XMAX*1 00 . 

STQRE3=STORE3~MORFSP 

STORE4=STORE4“MOBBSP 

WRITE (6,380) STOREI , ST0RE2 , STORE3 , STDRE4 
380 FORMAT (/' ' / UMCORRECTED' ,8X,F5. 1 ,2X, F5 . 1 , 17X, F5 ,3,7X, F5 .3/' ', 

1 3X/ ERROR', 7X/(X OF CHAMBER WIDTH)' , 12X/ (MICRONS/SEC/V/CM) ' ) 
WRITE (6, 4 03) FACTOR 

403 FORMAT (/' ' ,22X/ ASYMMETRIC INDEX = ', F6.3) 

C 

C STATISTICAL ROUTINE - GENERATES CONFIDENCE INTERVALS FOR AVERAGE. 


C- ' 9 - 


non aon non n n n n n 
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MOBILITY 

I F ( STAT . EQ . 0 * 0 ) GO TO 415 
S-SQRT CSKC.L (ERRSSQ) / (OBS-2 . ) ) 

XMEAN=SUMX/QBS 

C0NST1=S*SQRT(1.+1./0BS+0BS*(FSP-XMEAN)**2/ABS(0BS*SUHXSQ-SU11X**2) 

1) 

C0NST2=S *S0RT ( 1 .+1 . /GB S+OB S* ( B SP-XMEAN ) **2 / ABS ( OB S*SUHXSQ“SUMX**2 ) 

n 

DO 405 J=l ,4 
C IEFSP ( J ) =T ( J ) *C0NST 1 
405 CIEBSP ( J)=T C J) *C0NST2 

WRITE(6,410) FSP ,MQBFSP,CIEFSP( 1) »C(1) ,BSP ,M0BBSP , CIEBSP( 1) ,C(l), 
KCIEFSP(I) ,C(I) , CIEBSP CD ,C(I) ,1=2,4) 

410 FORMAT t '*****sfe****************************C0HFIDENCE INTERVAL 
1ESTIMATE**********************************' /*’ ',1X,'FSP' ,5X, 'MOB 
1 (FSP)',5X, 'INTERVAL', 5X,'%C0NFID£NCE' ,5X, 'BSP', 5X, 'MOB(BSP) ' ,5X,' I 
2NTERVAL ' , 5X , ' ^CONFIDENCE' / ' ' , F5 . 3 , 3X , FI 0 - 6 , 3X, FI 0 . 6 , fix , 12 , 9X , F5 , 3 
3,3X,F10.6,3X,F10.6,SX,I2,3(/' ' ,21X,F10.6,8X,I2,30X,F10.6,8X,I2) ) 
415 CONTINUE 

PLOT FRONT AND BACK STATIONARY POSITIONS AND AVERAGE MOBILITY 

IF (PLOT. EQ. 0.0) GO TO 420 

XPLOT (1)=FSP 

YPLOT(1)=2.0 

XPLOT(2)=FSP 

YPLOT ( 2 ) =M0BFSP 

XPLOT ( 3 ) =XMIN 

YPLOT ( 3 )=MOBFSP 

CALL SAiMEP (YPLOT, 3, XPLOT, SYM,0) 

XPLOT (1)=BSP 
YPLOT(l)=2. 

XPLOT(2)=BSP 
YPLOT ( 2 ) =MOB BSP 
XPLOT(3)=.72 
YPLOT ( 3 ) =110 B BSP 

CALL SAHEP (YPLOT , 3 , XPLOT , SYM , 0 ) 

IF ( CHECK. LT.O) CALL EPLOT 
420 CONTINUE 
I=OBS 


HISTOGRAM ROUTINE 
IF(HIST.EQ.O) GO TO 520 

DETERMINE THE ACTUAL MOBILITY OF EACH CELL FROM REFERENCE CURVE 
DO 425 J=1,I 

425 Y(J)=MOBFSP+(Y(J)-(COEFN(1)+COEFN(2)*X(J)+COEFM(3)*X(J)**2)) 
ORDER MOBILITY ARRAY WITH INCREASING NEGATIVE VALUES 


nnn ono nooo nno 
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DO 450 J=L,I 
L=J 

Yf£AX=Y(J) 

DO 440 K=J , I 

IF(YCK)-YMAX) 440,440,430 
430 L-K 

YMAX=Y(K) 

440 CONTINUE 
YCL)=Y(J) 

Y(J)°YMAX 
450 CONTINUE 

GENERATE 1-3 HISTOGRAMS AT 1-3 RESOLUTIONS 

DO 515 L=1 ,HIST 
458 WRITE (6, 455) 

455 FORMAT ( / / ' 1 ' , ' ****M0RILITY HISTOGRAM**************************' // 

1' ' ,4X, 'RANGE' ,6X,'N' , IX, 'FREQUENCY'/' 

2 ' ') 

DETERMINE UPPER MOBILITY LIMIT WHICH IS AN EVEN MULTIPLE OF 
HISTOGRAM CLASS WIDTH 

RA=Y ( 1 ) -DMOD ( Y ( 1 ) ,RES(L)) 

R2=RA-RES(L) 

GENERATE FREQUENCIES FOR EACH BAR OF THE HISTOGRAM 

J=1 
4 fiO N=0 

470 IF(Y (J)-R2) 490,490,480 
480 N=N-f 1 
J=J+1 

IF(J-I) 470,490,490 
490 N1=N+1 

WRITE OUT HISTOGRAM 

WRITEC6 ,510) RA,R2,N, ( B ( LC) ,K=1 ,N1) 

RA=R2 

R2=R2-RES CL) 

IF(J-I) 460,460,500 
500 CONTINUE 

510 FORMAT ( ' ' ,F6.2, ,F6 . 2, 1X,I2,50 CA1 , IX) ) 

515 CONTINUE 
520 CONTINUE 
RETURN 
END 
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ORIGINAL PA<Sl'*S 
OF POOR QUALITY 

APPENDIX 48. CYTOLP, a program in BASIC for microscopic electrophoresis 
data analysis. 

This program is an adaptation of the Fortran program described in 
Appendix 4A. It is used interactively with the following hardware 
configuration: PDP 11/10 minicomputer, Tektronix 4010 terminal, 

DECwriter terminal, and Tektronix 4^10 hard-copy unit. The program 
includes a subroutine for fitting a straight line to depth-mobility 
data from a coated chamber. Lines 9000-9310 describe a graphics 
routine for a special operating system, and are probably not applicable 
to typical computing hardware and monitor configurations. 


IB REM CONVERTS RAW CVT0PHER0METER DfiTfl TO DEPTH-MOBILITV 
1 • REM COORD iNh »~E5 FAR H CURVE-F ITTING ROUTINE wHICH 
i REM CALCULATES CELL MOBIL! FV 
IP REM E-ERROR FLAG FOR 1 NHPPR0PRIBTE DATA 
ID REM F=MRGNIFICRTI0h FACTOR 

CB REM B2 = UNCQRSE07ED Stick' STHTI OhtiSV POSITION 

C:< REM F2-UNC0RREC7ED FRONT STfiTI 0NARV POSITION 

*! 0 REM HCi; =>:RRAV CONTAINING APPARENT CELL M 0 3 [ L I T i: s 

'll. REM SCI > “NUMBER OF RETICULES CELL WAS CLOCKED FOR 

1*H REM VC I D-MI CRCME'i ER READING < MM..' 

S»S REM Si = SUM OF CHAMBER DEPTH POSITIONS-: 

tO REM S2-SUH OF SQUARES OF DEPTH POSITICNS 

£5 REM ri = Tf: AVERSE TIME. MOVING LEFT <5EC> 

TO REM T2-TRRVERSE TIME. MOVING RIGHT SECj 
S 00 PRINT "CURRENT THROUGH CHAMBER <ft*»P3>“; SJNPNT Hi 

IMS PRINT "NUMBER OF RETICULES EETNEEN REFERENCE" 
jet PRINT "SCRATCHES ON BACK MALL"; x INPUT Hi 
3J0 PRINT "NUMBER OF RETICULES BETWEEN REFERENCE* 

111 PRINT "SCRATCHES ON FRONT WALL"; MNPUT Fi 
115 PRINT "CONDUCT! V I TV OF BUFFER <KhO/CR>”; MNPUT ki 
15? PRINT "CHAMBER THICKNESS s MICROMETER DLhDlNLL MM>"< 
i t 8 INPUT XI 

3 20 PRINT * s VISCOSIT V OF BUFFER AT EXHFfi THE NT f;L TEMP. ■. C P 3 " . 
1 Pi INPUT VI 

125 PRINT “ VISCOSIT V OF WATER AT E'iPERIMEN l‘AL TEMP. -iCP)"; 

126 INPUT V2 

J 30 "‘PINT " NO. OF CELLS MEASURED FOR GIVEN EX? i\ “ ; MNPUT H 
Cue DIM VC 4007, X<400;>. R<400>» 711400.'.', T2<408), M<4®0) 
r 1 ill DIM SilX T(4). CSt4)» R5 < a t . RFc 4 1* 


,Vj **>,• V " • '* ' f>.> f.i '■;» t-.t "i* r..j n) tv, r.' v i*,.* '*.1 t*.j «v v f>.j ,y t\j fyj •*..< t*j l>;> "„i nj «y »;r. *•> t-? ■». * 

*•* *r* to *.i; '5 , -o \3 v” ijtj k w ® w ?! cp :c to to *v -v m to y i r t” tv, v* .p. -Si v-j w v? Vs* w w rC w **’’ r} »•* to 
*3 TO TO TO KTlVt w w 1“ TO •-£? TO -4 TO UI’W PJ »* TO TO TO TO TO *sj TO TO »* TO TO TO ‘0 CO TO TO bf PJ TO rj; l ■/ |.-J ^ to rtj (y o rjr pj 
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DIM HOT, 

REM INPUT. PftL CRT ft 

PRINT “ >ATA FTLENPIl'iE ", MNPUT B$ 

□PEN IS FOP INPUT AS FILE vFK10B£O 
FOP 1=3. TO NSI4«4*1 
LET Va;'-VFUI 4 - 5 > 

LET Ra>*YFl<I4-2> 

LEI Tta)=VF«R-i) 

LET T2 < , >«VFtaO 
NEXT I 
CLOSE VFl 

READ H < X >> Ha ‘dJ , H X .J '-.REM HISTOGRAM CLASS WIDTHS 
DATA . 65, . 0£, . 0i 

READ TCI;, T<2>, T^3>, TT4>SRSM T- intervals' 

DATA 1. r<3, 1. 3fti 2. 22, 2 50 

READ CS C 1 > , CF < 2> ♦ Cfi < , C6 < 4 > \R E M N-CQMFI DEUCES 
DATA 96, 95, 90, 39 

REM CONVERT MICROMETER READING TO ACTUAL CHilMBErt DEPTH 

REM BY INTERPOLATION ON CORRELATION FUNCTION 

Xl=. 622 t« Hl-X. !.>/. 4 Sr. 222 

F2=KJ.*. 2624 

B£=X1* : . ?9?£ 

REM DETERMINE CHAMBER CROSS-SECTION, CONSIDERING THERMAL 
REM EXPANSION. £V CONVERTING Hi. FROM MM TO CM, SQUARING, 
REM AND MULT IPLVING BV THE HEI GHT/N.TOTH RATIO OF 20. 

H«X l^t/S 


C «1 5. S *2*Kl* < ftPfll > * < VI/ V2 > 

REM •Cfu.OuLwre iinG'N -IF l CAT 2 ON FACTOR 

F=F1/BI 

REM PR l it OUT FOR DATA VERIFICji TION 


PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 


TE, EXPTftL. 
SWITCH iC “ 


"TVF'g HEADING DN DECHR.ITER < E. 5. DA 
OUTPUT RAW DATA FOR VERIFICATION •. 

I! LOCAL, HIT <CR> ON DECWRiTER > ", SINPUT ft* 
,r MAGNIFICATION FACTOR = F 
"CHAMBER THICKNESS = "» Mi, H MM“ 

"FRONT S TATI ON HR V PLANE a “ F2; "MM" 

"PACK STATIONARY PLANE = 11 i 32/ " MM" 

"MEDIUM VICCuSITV a *‘;Vli 
"WATER VISCOSITY = V£; "CP" 

"MED j UM OwNDUCTIV ' l‘Y « " i K li " KHOF CM " 
"CURRENT = ,f j Ali " AMPS" 

“ NUMBER CF DATA POINTS - " : N 


C0ND5 


PRINT SP-; INT 
PRINT 


DATA FILE IS 




PRINT '* r RET :.,ECL .-LiMv" 

. FOR T =1 TO N ■ 

PR UNT • ,/C •• :-> R< t; , T1CI >, T&i O- 
NEXT l 

223 REM CONVERT NivRliMETEk READINGS TO ACTUAL CHAMBER DEPTHS 
221 REM BY - U rERPOLATION ON A 4 -SEGMENT CORRELATION FUNCTION 
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£?.2 Si=0 
;34 S£=ft 
135 PDF-’ T=1 TO M 

ir *<l*>*- i» THEN *35 
£45 IS*. iseo TO 420 

f il5 Ifr V4i’;<>3. c.5 ( hen ;ra 

4S*. 2S7X6D TO 428 
™ ?.?. A *>***• i THEN 235 

‘ a 287+<V<I>-, £:5.V 4 git* 2%’5SaO T3 4SP 

SW IF va»«l. 55 THEN 400 

«? t ° «• 

485 PRINT “RECHECK DATA POINT’ 

4 10 E=1 

f Bl CFt.CLfi.ftrE ftPFAR *N f -OtilLiTV 

A ^ **~i..*fc < I -i;- rR ^ I > f ;<1 ^ Ti< l" *l'2<i ; • 

4?5 5i=Sl+X<I> 6>1; " 

4£B S2«S£*;4<I}*}<CI) 

4S5 NEXT I 

rIS ^feFMMgS?™ OT??HQ SV IMCR “ SINa CHMBSli •»» 

4 45 FOR I-l TO NSL»I\Ji2*HCI«> 

jfj Jg*,*** T0 ,JSIF K<«n>**2 THEN 488 \L = J 

480 NEXT jS£=K C L > SH C L > s H a > S 0= V <• L -v S V < L ;• «* V •' * i v w . 

5>’G Na>*ssya>*as*a>-«2 ' , “ L "' 

58 I NEXT I 

r’ff p|?, ir FRrNT 0UT mobilities for VERIFICATION 

??? p5?ffl CHAMBER APPARENT" 

»-k. 4.N» f EfiD l f'ltj OEF r H mhrti 

5r5 FOR J-i TO N t10c!lLiit 

5S0 PRINT V<CJ>. X <• ,J > , \A,:jy 
5^5 NEXT JS.IF E=100 TO 2276? 

540 PRINT 

ir , 2Ie”mJ I ^^ 1TH cu ««-Fim N8 <»-i. n*bv, u„ nT , 

s;-b PRINT “«STH«XSLU)LOSE cobteb chamber? «-i. sINPUT s 

8.-5 IF 6.1 s *! THEN 10020 
CCD 60 T 0 1000 

HI Ei^B 7 "“ V * ?fiRftBCLI “ F:rf <V“t.N=0V' i \INPUT OS 
p?5 CF 62*0 THEN 1S23 

n rs.r s^ENCE PARABOLA F?;C!i 

j r ' 91 FE ' ;t MCEILITV DATA E l ‘ LEftET-TJ'iARES CCTVS-FI TTIN6. 

3 > : 9 5 8 1 M X 4 ( 4 > > C4 C Z> .EGXK 2* 2 > * *-• < 3*23 
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ins© rem form irons' of powers gf ;-a> 

1^25 FOR K*1 TO 4\X4<SO*ft 

J©2© rGR 1=1 TO NS LET S’ 4 < K > = X 4 < M > + X < J 3" 1 F S N E *! 7 I 
IG45 NEXT if 

J05B FEU FORM SUM CF M<T> 


1055 

« • C* =S 

10 T 0 

i 660 
16P6 

* | r *^l • 

1 J.L 0 

1 t £0 

1 1.25 
1 13-5 
1 2 40 

1 i.S 3 

: i.S5 
1 2.F9 
11? 5 
: tag 
: .-‘00 
l ; Sb 
t *‘02 
j 263 
1 P 04 
Pl 25 
i 286 
: 20? 
1263 
: 212 
J 2.12 

i j it 

- i**r 

1 215 
. f 20 
S 225 
J ?38 
-123:5 

i 

i 23? 
1 240 
1245 
J * ‘r t> 
j 151 
1 360 
i *65 
1310 

•? r. < 4 

* V 1 

i :i > 

1 3- IS 

. 


M4=0XFOR 1=1 TO NX LET M4sM4+N< nSNEXf I 

RE M F C k M S u MS OF r R 03 C C TS CF 11 1 1 > < I > T K 

FOR ,<=1 TO 2'\.C4< O =QSFOR 1=1 TO N 

LET C4<K>“C4<K>*M<:>*N<r‘."k'MiEXT IS NS NT X 

REM SEN-ERA TE NORMAL MftTRIN £ US I NO SUMS OF i’OMEXS Dr K <I> 

FOR 1=1 TO ‘f-.FOE ,r=i ro r\M*:.*-r~2 

IF KOBS0 TO 1220 1>«NS8U TV 1125 

C(L J > »K 4 < K .s 
ME NT JSNEX7 .: 

REM GENERATE R. r. S. MAVR I X l 
BCt>«M4SF0A 1=2 TG ?S3<;}«C4U~17SNbXr 1 
REM INVERT NORMA*. MAT K ik C 
S05UB 3000 

REM MATRIX -D IS INVERSE OF NORMAL MATRIX 

REM FORM MATRIX PRODUCTS OF. INVERSE AMD \ H. S. MATRIX 

FOR 1*1 TO ......Ui>»ir ; .FjR J=i TG C 

J ;?+&< 4 ; ‘.NEXT T S-N E X * 

E1=6\E2=0SE.1.=0 
FOR J*i TO N 

LET VS=fici>+rt<22*X'CX>*m ii'^XC I>~2 
LET V6*yc-.«<1> 

LET Ei=aifVto 
LET E2«S£rftfi5<VS> 

LET E3*£34Vfc. 2SLET !: 5=->*4.A< .i'i/; M-2 > * 

NEXT I 
GOSUS S000 

PRINT ''OUTPUT LEAST SQUARES FIT AMALVSJS f - V -i . N **5 i " i \ I N P U T 0 
IF 0=6 THEM 1 220 

tR-;. N 1 't PRINT “ lR-*S7 S;4lL 1RI;S RA2.-*i3 : tt 12 r i' I 

PRINT SPRINT ** POINTS PITTED = " : H 
PRINT u 00£FFlC„r NT CF H'*2 = f-.d) 

PRINT " COEFFICIENT UP X « S.tK2> 

PRINT * CONSTANT TERM = to , fi< i> 

PRINT 

PRINT " SUM OF ERRORS ■■■,;'v-vk : ' 

PRINT " . SUM OF ABSOLUTE EMOPS - •• . u. 

? P-IWT " SUM CF S,i..ORES «F •.FicG.VS = Si.. 

PRINT " STANDARD DEV I AT I ON = « . 5 * 

PRINT 

■RSM RUUTINE FOR STATIONBRV POSi TIL-N DETEOMi NAT.i DN 
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calculate fivsss&E tobtlitv at incorrecte:,* *;T«n j **;*•> 
REM POSITIONS 
M 5 »ft' C 1 > + ft < 2 > *F 2 * ft < 3 . > *f 2 ~ £ 

«S*tK i > ♦*< 2;- *63<wK 3 > vis A '2 

PRINT ; 'U»5&RRg(ri?f> , S Tr-fiK 10.,: ft, hi, MS, ME 
PRINT FOR ftSVH. 

PRINT \Fg*2. 
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M®*N<i>+P<2>*fir i Mi<2>*3r~2 
print ’corrected", -aeciso* v? t &?, &?, m 

PRINT FOR ftSVflL FLOW 1 •■•PRINT 
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d s m t*i a ; c c ^ ~ HC- 
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QNGfttAL PAGE fS 
QE POOR QUALITY 


"-rrar-pRiNT "~ 

i?08 PRINT **- 


RRNGE"> TAB<16># "N “~'FREHUENCY U 





tbss™ 

’ '• i'-’W 

I 7 r«rREM“ "DETERMINE "UPPER MOBTLrfV"Ll MIT TM I C HTslOVir^^a^ 

ITU REM MULTIPLE OF HISTOGRAM CLASS WIDTH >?. 

"•''l7tr'N4*rWT<M<l'>/Hay+l>*=H<L>'\W5=W4-M<L>' 




ntt* 


1P25 REM GENERATE FREQUENCIES FOR EACH BAR OF THE HISTOGRAM -;%£#■ 

’**1730' 7*1* T * — “ — — v ' j ' . r # * ?, * 

1735 N1=0 


1F40 IF M< JJC=WS THEN 1FT0 \Nl*Nl+iS J=J+i 
1755 TF JC*N THENTF40 i ‘~ r 




» — iXwi nil ■> ! Xj* 1 


■ 


T7GS* REN WRITE OUT HISTOGRAM '~ 


1770 PRINT ’W4iTfiB<??i "iWSi TAB<16 >;NIj TABCE 0>r‘;~~ 


1F74 £FG4=1 THEN 1PB0 
1PF5 FOR K=1 TO N1SPRINT “* SNEXT K 

i rre if G4=o then 1790 


-S' 


! v ‘s 




• •* - rvy'^ ■ 




1780 FOR K=1 TO MISPRINT "***i SNEXT K 
IT98 PRINT \W4=W5\W5=W5“H<L> 

1805 IF JC=N THEN 1?35 


■ ' ■ f '« 


.1 


1818 NEXT LSPRI NT SPRINT SPRINT SPRINT 

TS2T1 ' G5=: G 5 + i' STF 05=2 THEN 1915 " ~~ 

1812 PRINT "CONTRACT FREQUENCE SCALE IN HISTOGRAM <V=l,N®0> M i 

1612 INPUT "G<T~ ' * ; 


— rer4 “ir"G4=i-"THEN 1700*' ~ 

IBIS IF Gin THEN 990 

1823 PRINT ‘"00 ANOTHER RUN V=l> N=8> 11 ; SINPUr N3 
1825 IF M2=t> THEN ±a ( 3 6Y 
'1810 GO TO *100 


0000 REM HMfRIX INVERSION 8V ELIMINATION 
TT!05* E4=i:"0PB08E -3r * 

£010 REM CONSTRUCT XDENli 'V NHJRIrt £K1> J 


WITH PARTIAL PIVOTING 
-X 


8815 FOR 1=1 TO 3 
8020 FOR Jn TO 2 
B025 IF lOTTHEN i.840 


coco chi * v '/ -i 

S035 GO TO 8045 
8040 ChI,^;=0 
8345 NEXT J 


8050 NEXT 
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TTSb T^ETI LOCATE MAXIMUM MAGNITUDE Cv.1* iO ON OR BELOW MAIN DIBCUNAC 
tiut>e D4»L 

— E® 55 nTm'r=i-n) — — 7 — — 

83?3 if K=2 THEN 81 ?8 

6875 li-TT ‘ “ * 

8868 Ci®flBS<C<K»IO> •; \ 

' E8B5 Kr«K^I , - " "" r 


0050 

FOR I “K1 TO 3 

- - 6055 “IT ■•Cl>*5ft¥S?ETn KV; 

BJ 80 

11 = 1 

' ~'B185 

Cl=RBETTT< ITK TS 

6110 

NEXT I 

- 5115 

"REM 'INTER CHANGE RCi 

D12S 

IF I1=K THEN 6.17*8 

PX2 5’ 

F0RTr=f”TG'~3 

6120 

05 = 0 s 1 li J.> 

o 1 7- 5 

w j "? *► i " 4 ' 

W S a ■!■ t •J .* * L.* % fv > V , J 

6140 

C Os > iT3 = t5 

10545 

T?5=&axrTr5 — " 

6158 

D(. Hi sT 3* *- D '•. K i s' v 

6155 

•DTK.\r7SD5~ ~ ' 

83.00 

NEXT J 
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REM TEST FOR SINGU 
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Tr" ft £• T. C Cls i K > j *. = £ 4 
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* 6190 
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For. 1=1 TO s 
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« bJ J 
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8243 

IF £ =K THEN 8260 
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1255" 
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SETuRH 

£2B0 
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- m -*»T- ^ 

u j iv 

Foil 

PRINT ” \ SWITCH Tj T 

■6013 

IF &=8 THEN 1215 

6012 

r.si!*! vRR*-*.tr yfc'.hr.f 

" 5820 

PRiNT"TftB<ll>/ "DEFT. 
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s ?025 ve»rra> “ ~~ ' ' ^ 

i'OSe FOR :=L TO nsiF rKI)>£ THEN 5045 
6 32b IF HU»VS'Th£» 5040 SVU-tKI ) 

5040 NEXT iSOD ro 5053 

SD45 PRINT ,r R ESCftLXll OB I LIT V ax'iS' v SR£ToftW 
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OF POOR QUALITY 

9048 REM < DRAW AXES M 

TOrXFTCr^fiO^E" < 58, 100ACALL "DRAW" <50* ?00> 

9060 call " draw < ibis* r«?0>\CALL "DRRW'cieis* iea> 
SOBS CALL ""DRAW 14 <50i 100> 

9070 ve=aB5<ve>ST»e«iMT<v8+3> 

90?5 V?=IMr<6D0/T*8> - - -- - 

9060 FOR 3=1 TO V8\V3=INT<V?*J + 100:> 

■"53B2TrJ0 2 THE J * SOBS SCfiLL 'HOVE' 1 <5Si r'5> 

9083 CALL "DRAW* < 1013i V9>SG0 TO 9690 
~'9fieS~CWLL ' ,f FlOVE , '<50, V9.i SCfiLL " DRAM " <60, V’9) 

9090 V5=INT CV9~10>\CALL " HOVE" <23, V5> SCfiLL " ALFA“ 

’ — mCTXsa-WKNT JlSMxT J '* "" 

9160 FOR 3«1 TO 9VJ1=INT < J*i£*7 + 50> 

' — 9105 CALL ‘"MOVE" C3i» r00TTOALL- ,r DRAN"‘<Jl, TIB) 

9110 J1*IN7< J1-2S>\J2=. 1*J 
•’ 9115 CALL "MOVE ,, <Ji,80>\C ALL "ALFA" 

9120 PRINT J2SNEXT J 
— "9 l'25“XHE:L"“ Tr l1 0 VE " <W,S85 TOftQ-''“ n T*LW i ' ' 

9130 PRINT “CHAMBER DEPTH <HK>‘ 

9125 “Ji=rHraB?3*}ii*53> 

9140 FOR J“1 TO 30SLET L=2*J~i * 

9 14 5 TETTT> IN T' <100+1 S'^CL-li ) ' * 

9150 LET L2=INT^100+10^L> 

?155~CRCir^T!DVE =! X J*1 7 LI At ALL' " DR r < ft / L 2 > 

9160 NEXT J 
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9200 REM PLOT DATA POINTS 

-9205' FOR T=I"TO N ‘ 

9210 LET Zi=INT<1078*X<I>+S0> 

9215 , CET'*T2=2-WT O SXET 2^If»T<V?^Z2+i6'0>* 

922B CALL “PINT"<Z1# Z2>SNEXT I 
923B~REft "PLOT PARABOLA 

9231 H^iNTv 

9232 CALL "MOVE" <53, M> 

9235 FOR "3=1 70 203 

•* — 9240* LET X=5 D000QE-03*J 

— 5245 IT TOXi THEM 5230 

* '9250 LET H=A<l'rA<2>^X+A<3> + X' % 2 
9255 -LET X«:NT<1373*X+53> "" 

•5260 LET K=IK7 OTVK + 18& ) 

■ 9265 " CALr--"DRA« ,, <X, H> 

5270 NEXT J 

52S a CALL "HDVE r <3i 3> 

• 5300 TALL "ALFA" "" ' ' " " * 

- 9305 IF 01=1 "THEM 10100 " 

5*21 S PET CL N 



> ■ >v- -i' 


9980 REM ORDER M06ILI7V ARRAV NITH INCREASING NEGATIVE VfiLLiEw 

3 5 a 2 to r- t =rTcr i ;\ Lf Tm'or- a it^cn ex t ~ r 

9504 FOR J=1 TO MSLET L=JSLET M1=MKJ.> 


PAQ£ iS 4 . 80 

9 >86 rC.fi K=i. TO HSZF HKIOO-Hi THEN 9910 Op FOOR'OUALITV 

"•'53Bff"’CET"L3lr;CEr' Kl«Hi<K> “ - ' — \ 

9*10 NsKT KSLET rtlvL>-rtl< J> \LET Bl<J>*hiShEXT J \ 

9312 ' PR rRT~SP RT NT \« 

9*15 RE/i GENERATE Jl~3 HI STOGRAMS fit 1-5. RESOLUTIONS . 

‘**w>2a 'PRniT^HisrDeRfiHcsi restD <0*hone#i-. es class w i & t h* _ 

PS2i PR . NT "2 s *. 05, . 02 CLASS WIDTHS, 2= DLL . D2. . 01 CLASS WIDTHS* " 
£-.22 'PRINT ’’WHERE UNITS' ARE HI CRGNS/SEC/ VVCi*i ,> , SINPlif H 
9*38 FOR L*i TO NSPRINT SPRINT 
9032 PRINT .“<i**««*Mu3ILITV HI STCufc Ah **«.*'• 

9923 PRINT " • < COATED CHAMBER? 11 SPRINT 

S:<>35 PRINT “ * 'RANGE'S Tfl£Xl6>i * r N FREQUENCE" "" 

9937 PRINT " — *■ 

5T29 REM DETERMINE UPPER" MOBILITY LIMIT MillCft I S’ AN EVEN 

9348 REM MULTIPLE OF HISTOGRAM CLASS WIDTH 

■ "5542 w4«rarcMirf5/H<ty+i>-*Ha>vft5-w-fi< l? ' ■' — ~ : 

r*4b REM GENERATE FREQUENCIES FOR EACH ERR GF THE HISTOGRAM 
" ~9$4B~?«£ •' " * ’ 

9 0 :■• 0 N i = c) 

; T52 IF Itl (. J/ C— W5 Tr.EH 9956 \ h 1 *N 1 — 1 \ i< = v 1 
9954 IF J C - M THEN 9912 

*3956 REM" MR ITETSUT ‘ HISTOGRAM ~ ** 

393B PRINT W4i THBc 7^, “ i W5; TfiE C 1 S >; HI* TAB <20 > ; 

926D FDR K=1 TO’NLSrRINT "* '•* j sNEKT K 

9962 PRINT sW4»W5SW5=NS-H<i-> 

■*'S9£4 IF J C~N THEN 9950 
9966 NEXT LSPRINT SPRINT SPRINT SPRINT 

-~TT ! 70 "GO' TD" 590 ” 

1B020 REM COMPUTE AVERAGE MOBILITY AND ERRORS 
" "1&025 M4-0SFOS I«1 TO NSLET M4-M4+H < I > Sh E X T I 
lOt'Su All? -h4i- NShiL ? «0 

1005-5 EI*£K£2«0\E2-0 

LUc4ti FOR 1=1 TO N __ 

”10045 LET* * V’6® A < £ > SLET vS-VS-Ma? " ” * ~ 

1O05O LET ti=EirV£\LEV E2*£2'*HSSC * b? .LEY E 3 = E 2 - v 6 * 1 ‘ £ 

10055 NEXT 'I\55»SftR<E3f"<h-I>> 

10060 PRINT "GRAPH &EPTH-MOSI LI T V DATA ti AVERAGE NuSILITV" 

10061 PRINT "{SWITCH TO TEKTRONIX? < V - 1, N ** 0 > *' , S 1 1 j P U T D 
18870 IF D=0 THEN 18100 

10075 FEINT £H££<27>&£rtRfe<l2} 

10868 PRINT The " 0£PTH~11U8ILI TV DfiTn si AVERAGE MDBILITV < " i D • 

10065 GO TO 9025 

18180 PRINT “OUTPUT ERROR ANALYSIS T V=l, N=0,-' ; , INF UT C 
10185 IF u=& THEN 1828 

101x0 PRi-fif SPRINT " ERROR Ahm-VStS' 

1A115 PRINT SPRINT " AVERAGE" MOBILITY = A<1> 
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,f * 11 i sNEXT 


181x0 PRINT 

" 18225 PRINT " SUM OF ERRORS * ", El 

1011-0 PRINT :l SUM Or RESOLUTE ERRORS * ' , E2 

10135 PRINT " SUM OF SQUARES OF ERRORS = , E3 

18140 PRINT " STANDARD DEVIATION - S5 

18145 REM CONFIDENCE INTERVALS FOR AVERAGE MDBILITV 
1 '*188 FOR ,1=1 TO 4 S R 5 •> J > = T s J > * 5 5 S N £ X T J 
18165 "PRINT SPRINT 

10198 PRINT ’ ***.*«i*:frii,'=,r!CONrXDEIiCE INTERVAL ESTIMATES**********" 

~ £&i95 “PRINT * 

10200 PRINT "AVERAGE NOBILITY", 7ft£i22>* "INTERVAL XCCNrlDEJiLE" 

■T.0205'T'RlNr A<t>, TAS<2‘5>* R5<1>; C6<1> 

1021B FDR 1*2 TO 4SPRINT TAB<25>i RS<U, C6CI > 

IA215 HEinr I SPRINT' ’ ‘ * 

18228 GD TO 9900 

■ ~ szrer-^nsr — - - - — 
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Two Electrode Systems for Use with the 
Zeiss Cytopherometer, 
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N85-31 752 

OPERATION OF THE ZEISS CYTOPHEROMETER WITH Zn/ZnS0 4 ELECTRODE 
SYSTEM OF TENFORDE ET AL. 


Procedure for Microscope Electrophoresis 
Cytopherometry procedure has been covered in great detail by 
Seaman (152), Tenforde (167), Streibel (163) and Milito (116). A 
general checklist description of this procedure follows: 

Setup 

The disassembled glassware was submerged 1 hr in a 10X dilution 
of chromic acid one day prior to the experiment. The electrophoresis 
chamber, positioned in the eytopherometer, was also given a 1 hr treat- 
ment with this chromate solution using a 2 ml pipette and a rubber 
connecting tube for filling. Both the chamber and glassware were 
rinsed and then soaked in 2 x H^O overnight to remove chromate ions 
from the glass surfaces. The following day, the glassware was drained 
and air dried while the appropriate water thermostat was connected to 
the eytopherometer, filled with 2 x ^0, adjusted to the proper tempera- 
ture, and turned on to equilibrate. (In lieu of refilling the reservoir 
with fresh water for each experiment to prevent the growth of mold on 
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the surfaces of the chamber and its water jacket, 0.5 mg/ml Na Azide 
was added to the bath water.) The addition of ice to the reservoir 
sped equilibration to lower temperatures. Each zinc electrode was 
carefully filed to remove surface oxide and then fitted tightly to its 
proper electrode chamber (larger stopper to larger diameter chamber) . 
Four teflon stopcocks were assembled to the glassware (without grease) , 
two one-inch pieces of connecting rubber tubing (0.4 cm i.d.) were 
fitted to the sidearms, and a six- inch piece of tubing was joined to 
the outlet pipe on the left-hand assembly. Each half of the glassware, 
in turn, was held upright over a sink for the following procedure. 

A 25 ml pipette was filled with electrophoresis buffer and 
connected to the rubber hose at the side arm. ■ (Buffer from one 500 ml 
bottle was used throughout a given experiment for consistency; this 
volume was adequate for setup, cell suspensions, and flushing.) Buffer 
was then introduced into the glassware slowly to avoid bubble formation 
until its level entered the flush tube. Both stopcocks were then 
closed with 1/8 turn and the pipette removed to fill the flush tube 
completely. Replacing the pipette at the sidearm, opening both stop- 
cocks and applying suction removed all trapped bubbles from the system. 
The stopcocks were then closed, the glassware held horizontally, and 

the electrode chamber filled with a saturated solution of ZnSO. to its 

4 

brim through its vent using a Pasteur pipette. All bubbles were 
removed and the vent was corked. 

Both halves of the glassware, filled with buffer and electrode 
solution, were then bolted to their plexiglass backing, and the plexi- 
glass, in turn, was bolted to the cytopherometer stage while guiding 
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the rubber tubing at each sidearm onto the chamber ends. The left end 
of the assembly was then lowered by rotating the stage counterclockwise 
and a 25 ml pipette* filled with electrophoresis buffer and attached to 
the drain tube, was used to prime the sidearms, chamber, and sample 
inlet tube. All bubbles were removed by simultaneous pressure from the 
pipette and from squeezing the connecting tubes. The chamber was 
leveled and then flushed by filling the sample inlet tube with buffer, 
controlling its level with the stopcock at the. left-hand sidearm, and 
collecting buffer from the drain tube in a 500 ml beaker. To prevent 
the reintroduction of bubbles and the time-consuming procedure for 
their removal, the sample Inlet tube was never entirely drained. 

In preparation for physical chemical measurements on the cell 
suspension (or suspending buffer) , the 50 ml centrifuge tube was filled 
with 30 ml of sample and placed in the jacketed water bath along with 
the empty pycnometer and the clean barrel of the conductivity probe to 
temperature equilibrate. The conductivity bridge was then turned on 
to the "line” position to warm up. 

The fine focus micrometer was set at zero and its locking screw 
loosened. With its illuminator on, the microscope was focused on the 
vertical lines scored equldistantly on the inside front surface of the 
Zeiss chamber, first using the coarse focus, then the fine focus. The 
micrometer locking screw was then tightened at the zero position and 
the coarse focus was not touched for the remainder of the experiment. 
This micrometer calibration depends on eye refraction and must be 
repeated for each individual. The number of squares of the eyepiece 
reticule, to the nearest tenth, observed between neighboring vertical 
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lines was noted on a cytopherometer data sheet, designed and mimeo- 
graphed to provide a form which organized all recorded data. By 
advancing the fine focus micrometer, the microscope was then focused 
on the horizontal scratches scored equidistantly on the inside back 
surface of the chamber. The number of reticule squares observed 
between these lines, to the nearest tenth, was recorded. The four 
digit micrometer reading at this position was recorded as the chamber 
width (depth). See Figure 10. The electrical leads were clipped to 
the electrodes, the stopcocks positioned for electrical continuity, and 
the current turned up to the desired amperage (usually 1 mA) . Result- 
ing voltages in excess of 600 V usually indicated the presence of 
bubbles trapped in a stopcock; they were removed by disconnecting the 
power and repeating the final priming procedure with buffer. Amperage 
was more accurately measured and adjusted using a volt ohm meter 
(Simpson) temporarily connected in series between the right electrode 
and its power clip. Amperage and voltage were then recorded and both 
stopwatches wound fully. 

Cell Preparation for Microscope 
Electrophoresis 

A cell suspension containing >90% single cells was obtained by 
using a 5 ml pipette to disperse fixed erythrocytes. An EDTA treatment 
developed by Thompson (172) was used for tissue-cultured cells. (See 
Cell Preparation for Electrophoresis.) Cells were washed and 
resuspended in electrophoresis buffer at 2-5 x 10^ cells/ml. A 6 ml 
suspension proved to be a minimum working volume for each experiment; 

40 ml was optimal, allowing viscosity and conductivity measurements on 
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the cell suspension rather than on the suspending buffer. If the cells 
were unfixed , the cell stock remained on ice during the experiment. 

Data Yaking 

In a typical experiment one hour was required to time 50-70 cells, 
using the following procedure. 

The cytopherometer inlet tube was carefully drained of buffer to 
a level just above its stopcock, and 6 ml of cell suspension from the 
cell stock was introduced by Pasteur pipette. About 3 ml of this 
sample was admitted to the chamber followed by a 2 min pause for 
temperature equilibration and dissipation of the cells’ momentum. If 
a substantial drift remained. It was minimized by adjusting the corks 
at each electrode vent to equalize the fluid pressure at both ends of 
the chamber. Cells near the front and back chamber walls were timed 
first because their numbers decreased during typical experiments. A 
well-defined cell was focused on, and the field switch rolled to the 
left, marked "L". The time required for the geometrical center of the 
cell to cross a convenient integral number of reticule squares as it 
moved left was recorded. The field was then reversed and the cell 
timed for the same distance in the opposite direction. This distance 
was normally one reticule square for slowly moving cells, and two or 
more squares for fast cells, such that their migration time always 
exceeded two seconds and was typically seven seconds. Cells moved 
toward the anode (at the left end for "L", the right end for "R") 
unless they were close to the chamber walls where direction reversals 
were sometimes noted. Reversals are caused by the increasing electro- 
osmotic buffer flow near the walls which forces cells having a low 


s arcasm - A'A-i. 


5-7 

enough mobility to move against the electric field force. Four data 
were recorded on the work sheet for each cell measured: the four digit 

micrometer reading ("X"), the number of reticule squares traversed 
("RET"; equal for the left and right measurement, negative to indicate 
a reversal), and migration time, to the nearest tenth of a second, to 
the left ("SECL") and to the right ("SECR"). The velocities to the 
left and right for each cell were calculated and averaged by computer 
to correct for possible net fluid drift through the chamber at the time 
of measurement. About 50 cells were usually timed at positions 
throughout the chamber depth. The work sheet suggests four measure- 
ments every 0.1 mm (1/2 turn) on the micrometer. A micrometer reading 
of zero at the front wall, the chamber thickness, the amperage and 
voltage, and the chamber level were all rechecked, and adjusted if 
necessary, at least once during each experiment. If the majority of 
cells had sedimented from view, the chamber and sidearm glassware were 
first flushed with buffer from the left and right flush tubes and the 
chamber was replenished with 3 ml fresh cell suspension. Very 
infrequently poor focus definition required a realignment of the 
microscope phase contrast optics. 

Trouble Shooting 

Three recurring problems for the cy topherometer , their probable 
causes and the corrective measures are covered below. 

If the cells do not move after pressing the field switch, the 
cause is probably one of the following: the stopcocks are not 
positioned for electrical continuity; a leak at one electrode cork has 
created an airgap below the sintered glass; a stopcock bore contains 
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air and requires flushing to remove it; one of the power clips is not 
connected to its electrode; or the power supply has blown a fuse. 

If the cells move in only one direction independently of the field 
direction, the problem is excessive drift. This can be caused by a 
leak occurring at an inadequately sealed joint in the glassware, by 
unbalanced fluid pressure at the electrode vents or from unleveled 
glassware, or by temperature instabilities. If the glassware is 
leveled and sealed, and temperature equilibrium has been reached, drift 
can usually be minimized by adjusting the fluid pressure exerted by the 
corks at the electrode vents. 

If reversals (cell moves toward cathode) are observed throughout 
the chamber depth, a net electroosmotic flow is occurring because the 
system is not completely sealed. The usual remedy in this case is to 
top up each electrode at its vent and firmly seal It with a cork. 

Beyond this, the glassware can be disassembled, cleaned with chromic 
acid, and reassembled using new rubber joints while checking for cracks. 
Some of these corrective procedures warrant rescue of the cell sample 
from the inlet tube using a Pasteur pipette. 
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Use of the 

ZEISS - CAM-APPARATUS MICROELECTROPHORESIS SYSTEM 
with Ag/AgCl/KCI Electrodes 


I. PREPARATION OF ELECTRODES 

1 ) The solid silver electrodes must be scrupulously clean 
and dry prior tc coating with AgCl. Clean as follows i 

(a) Immerse in cone, ammonia solution to remove old 
coating (use hood). 

(b) Polish with fine emery paper. 

(c) Rinse in 95 % ethanol (handle with forceps and 
'Kimwipee' ). 

(d) Rinse in ether. 

(e) Allow to dry. 

2) Assemble an electrochemical cell using a spare silver 
electrode and a constant current power supply. Immerse 
both electrodes in 0.1M HC1' so that they are parallel 
to each other (for optimum coating uniformity). 

(a) With the spare electrode as anode, apply ca. 50mA 
for some 10-15 s. Vigorous gassing will occur from 
the electrode to be chlorided. Remove this electrode 
from the electrolyte and re-immerse to remove gas 
bubbles. 

(b) Reverse the polarity and apply 2-3 mA or less. 
Coating uniformity will be improved by using 
lower currents and longer times. 

II. ASSEMBLY OF MICROELECTROPHORESIS APPARATUS 

Refer to fig.l for an exploded view of the CAM -APPARATUS 

electrode housings. 

1) Ensure that all 0-rings and the sintered glass discs 
are seated firmly. 

2) The glass two-way stopcocks should fit snugly into the 
plexiglass ports and must be held tightly by the 
knurled screws. 
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3 ) 


Fill the electrode chambers with 0.15 M KCl ensuring that 
no air bubbles are trapped anywhere within the chambers. 
Insert the electrodes allowing the glass-impregnated teflon 



tapers to form an efficient seal. 


N.B. If buffers of lower than physiological ionic strength 
are to be used it is desirable to use a KC1 solution 
of comparable molarity in the electrode chambers. 


4) Attach the plexiglass blocks to the matching metal plates. 
These can then be mounted directly on the Zeiss Cytopherometer 
stage. Using silicone rubber, or similar, tubing, join 

the rectangular electrophoresis chamber to the short 
lengths of glass tubing inserted into the plexiglass 
housings . 

5) Attach syringe housings to the filling ports to serve as 
funnels. Flush the system with distilled water, removing 
KC1 solution which has leaked through the sintered glass 
discs. Load the system with buffer being careful to remove 
all air bubbles between the stepeeebsii 

6) Attach the constant-current power supply leads to the ^ 

electrodes and switch on. 

N.B. Typical operating voltages are in the range 
150-200 volts. Refer to Table I for typical 
operating currents for standard buffers. 


III. EXPERIMENTAL PROCEDURE 

1 ) Check that the water-bath is adequately filled with clean 
water. (Use of double-distilled water will help to minimise 
microbial growth, ) Regular draining of the complete system 
is necessary. 

N.B. The pump and thermostat unit contain mercury 
switches and, therefore, must be disconnected 
from electrical power whenever they are placed 
in an horizontal position. 


2 ) 


Adjust the temperature to 25±0.2 °C by balancing thermostat 
control of the heating coils against the flow of cold tap- 
water through the pump cooling coil. 
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3) Check electrical continuity of the electrophoresis system 
—voltage and current readings should fall near the values 
shown in Table I. 

4) After equilibration of the electrophoresis chamber to 
25 °C, and with the, phase optics correctly aligned (see 
Zeiss Manual for alignment procedure), the chamber depth 
and magnification readings may be carried out as follows i 

(a) Using the coarse and fine adjustments on the 
micrometer, focus on the vertical lines etched 
onto the inside of the front wall of the chamber. 
Ensure that the chamber flat is vertical. Do not 
touch the coarse focus again. 

(b) Set the micrometer fine adjustment to zero. 

(c) Measure the line spacing in units of eyepiece 
reticule divisions. 

(d) Now focus on the horizontal lines etched onto the 
back wall of the chamber and note the micrometer 
reading . 

(e) Measure the line spacing on the back wall in units 
of eyepiece reticule divisions. 

N. B. The front and back wall focus and corresponding 
micrometer readings should be repeatable. On 
account of wear of the micrometer movement it is 
desirable to check perioically for uniformity of 
response of this adjustment by measuring the depth 
of the chamber smarting from different initial 
positions of the fine adjustment. In use, the 
calibrated fine adjustment must be used only over 
the range of uniform response. 

5) 1,004 the* phambor with self puppc»noion=...» puitaDlp 

concentration being ca. 10^ /ml. If the concentration 
is too high interaction between individual particles 
will occur and focussing at the deeper levels of the 
chamber will be difficult. Close both stopcocks and 
adjust the rotating stage so that the chamber is 
horizontal as indicated by the bubble level. 

6) Check that, in the absence of an applied electric field, 
cells do not drift in one direction or another. Cells 
should merely fall under gravity in this situation. 

Drifts may arise through improper sealing, presence of 
bubbles, or to the non-establishment of temperature 
equilibrium. 
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■ 7) Mobility data is collected throughout the chamber deoth, i ,) 

For each cell in focus record the micrometer depth reading £ 

and the times for left and right traversal of a fixed 

number of reticule divisions. The latter is also recorded 

and will vary depending on the depth of the measurement. 

N.B. (i) Transit times should be in the region of 
5-10 seconds. Shorter times may lead to 
Brownian motion errors and operator timing 
errors. Inaccuracies due to particles falling 
out of focus, etc., may have a pronounced 
effect if much longer times are used, 

(ii)Veloeity reversals may occur near the front 

and back walls. These are recorded by assigning 
a negative sign to the number of reticule 
spacings traversed. 

8) Periodic checks should be made of temperature, current, 
voltage, levelling, and drift. 


9) The viscosity and electrical conductivity of the buffer 
solution at 25°C must be determined. 

(a) Electrical Conductivity Measurement* 

A #3403 conductivity cell in conjunction with i 
a Model 31 conductivity bridge (Yellow Springs 
Instrument Company, Inc.) is used to determine 
buffer electrical conductivity, ensuring that 
the buffer temperature is 25 °C. 

(b) Viscosity Measurement* 

An Ostwald viscometer and a 25 ml Kimax pycnometer 
are used to measure buffer viscosity. 

(i) : Rinse* viscometer with double -distilled water. 

(ii) Load with 4 ml 2xdH20 and measure flow times 
until two consecutive readings are comparable. 
(Ensure that water-bath is at 25 °C, at which 
temperature the flow time is 76-80 seconds.) 

(iii) Load with buffer and repeat (ii). 

(iv) Rinse viscometer with distilled water and 
acetone and store dry. 

(v) Weigh clean and dry pycnometer. 

(vi) Fill with double-distilled water and weigh. 

(vii) Fill with buffer solution and weigh. 

(viii) Rinse with distilled water and acetone and 

store dry. 

(ix) Calculate viscosity of buffer at 25 °C using 


Tluff = °*8904 * 


weight ( buffer ) 
weight (water; 


time (buffer) 
time (water) 


7i|o - 0.8904. 


where 


5-14 


IV. DISASSEMBLY AND CLEANING ■ 

1) Remove electrodes and store in KC1 solution. 

2) Remove plexiglass housings and rinse thoroughly with 
distilled water. Leave to dry. Complete disassembly is 
not normally required unless the sintered glass discs 
need replacing. 

3) Cleaning of the electrophoresis chamber may be performed 
in situ i 

(a) Rinse with distilled water. 

(b) Pill with formaldehyde solution and leave for 
15-20 minutes. 

(c) Rinse with 9 5% ethanol. 

(d) Rinse with ether. 

(e) Leave to dry. 

N.B. (i) Cleaning should be accomplished by the least 
drastic method possible to avoid destruction 
of the glass surfaces or the adsorption of 
extraneous materials, either of which can 
produce changes in the electro-osmotic flow 
of liquid across the surfaces. 

(ii) If the above cleaning procedure is not 
sufficient try 30 % formic acid and/or 6 c /o 
NaCl solution. 

(iii) If a detergent is used, the chamber must be 
thoroughly washed, first with a dilute solution 
of hydrochloric acid and then with large 
volumes of water to ensure complete removal 

of the detergent. 

(iv) Cleaning agents containing chromate ions 
are not recommended, since these ions, which 
are polyvalent and highly toxic , are very 
strongly adsorbed to glass and can only be 
removed by washing in flowing water for 24 
hours „ 

(f) The outer surfaces of the chamber will occasionally 
become dirty necessitating removal of the chamber 
and cleaning with tissue. 
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V. DATA ANALYSIS 

Data are processed by a computer program originally written 
in FORTRAN by R.A. Gaines and converted to BASIC For use on 
the Departmental PDF ll/lO computer by L.D. Plank. 

Use oF the BASIC program CYTOLFi 

1) Use disk labelled TODD. 

2) The raw data are loaded into virtual File storage using 
the program CYTSTR. This will accommodate up to 250 sets 
oF readings oF depth, reticules traversed, and left and 
right traversal times. 

3) Call up CYTOLP and run. 

N.B. Additional Features* 

(i) Two histograms may be superimposed on the graphics 
terminal by using the program HISTOP. 

(ii) A chi-squared analysis of the difference between 
two histograms may be accomplished using CHISQ. 
This program also has provision for performing 

a Student's t-test for the difference between 
two population means assuming the population 
variances are unknown and unequal. 

(iii) To combine two virtual files and analyse as one 
file call up CYTOCOM. 
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TABLE I Typical Euffer Conductivities and Cytopherometer 
Operating Conditions at 2 5 °C. 


BUFFER 

IONIC 

STRENGTH 

CONDUTIVITY 

ramho/em 

TYPICAL 

CURRENT 

roA 

TYPICAL 

VOLTAGE 

V 

D-l 

0.015 

0.8 

O. 85 * 

300 

PEG -Sucrose 

0.030 

1.6 

0.9 

160 

Saline 

-Bicarb. 

0.145 

13 

8.0 

180 


♦This is the lowest current achievable with the Zeiss power 
supply unless a bypass resistor is incorporated. 
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ELECTROPHORETIC MOBILITY OF CELLS IN A VERTICAL FICOLL GRADIENT 
Lindsay D. Plank, Paul Todd, M. Elaine Kunze, and Riehard A. Gaines 

It was found experimentally in early work that the upward migration 
of living cells and test particles under the influence of a constant 
electric field in a low-conductivity Fieoll gradient occurs at nearly 
constant velocity. In the course of migrating for 2 - 3 hr over a 
distance of 2 - 4 cm upward moving particles encounter changing density, 
viscosity, conductivity, and neutral -polymer concentration. All of these 
factors affect migration rate, but the most important are viscosity and 
neutral polymer concentration. Decreasing viscosity as the particles 
migrate upward has the effect of speeding them up; decreasing neutral- 
polymer (Fieoll) concentration, on the other hand, slows particle migration, 
since electrophoretic mobility increases approximately linearly with 
neutral-polymer concentration. Neutral polymers interact with the cell 
surface to effectively raise its zeta potential. An analytic function 
was developed from the known dependence of these physical variables on 
migration distance; it expresses migration velocity as an explicit 
function of position in the density gradient'. It predicts an almost linear 
increase in velocity of about 12 - 167. (depending on cell type) over the 
working region of the gradient. It has been numerically integrated by 
computer and found to correctly predict cell migration distance-vs . -time 
curves without the use of any fitted parameters. These resulting migration 
curves follow the expected slowly-varying exponential form that closely 
resembles a straight line. The ability to determine standard electrophoretic 
mobilities from such curves depends on knowledge of the effect of Fieoll on 
the zeta potential of the cell type being separated. 

Supported by National Cancer Institute Grant ROl-CA-24090. 
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The effect of varying Flcoll concentration on cell electrophoretic 
mobility (EPM) was determined by microelectrophoresis of glutar aldehyde-fixed 
rat and rabbit erythrocytes (RBC) in various concentration of Flcoll in 
"ceiling" buffer (for buffer compositions, see Chapter 12) at low ionic 
strength, VI 2 =* 0.030 M Figure 1 shows that anodic mobility increases linearly 
with Ficoll concentration, as predicted from the work of Brooks et . al . Thus 
the effective zeta potential of cells will decrease as cells migrate upward 



through a gradient of upward-decreasing Ficoll concentration . 


This variable is included in the migration equation, in which migration 
velocity V (x) is Implicltyly dependent upon migration distance x: 


» = U (x) U (HeQ) I 2a 2 g [Po - p (x)] 

V W tj (x) A K (x) “ 9 n <x) (1) 

and the variables that depend on migration distance are: ( ) 

t 

I) (x) **■ be ax viscosity ( 2 ) ^ 

K (x) - k; + K !X + K.,x 2 conductivity ( 3 ) 

p (x) * rj+rj(X density ( 4 ) 

U (x) - mi+ m 2 X mobility (from Fig. 1). (5) 


By using these explicit functions and equation (1) it is possible to derive 
the time T required to migrate distance x: 


T 



Q (x) e aX dx 
C(x) 


( 6 ) 


in which Q(x) is a quadratic function of x, and C(x) is a cubic function of x, 
derived by combining coefficients from equations (3), (4), and (5). Equation ( 6 ) 
was integrated numerically by computer for various cases, and Figure 2 shows an r 
example in which the upward migration of fixed rat BBC's was predicted using the 
data of Figure 1 and a 2-8% Ficoll gradient under the conditions specified in 
the diagram. 


6-4 


Below the break In the graph, migration is almost linear with time; actually, 
it is- a slowly-rising exponential function (equation 6). Above the break the s 
inverse dependence, Q(x)/C(x), becomes mildly apparent. •- — -- 

Figure 3 indicates that, in the real experimental situation, equation (6), 
the dashed lines, very closely predicts the upward electrophoretic migration 
of fixed rat and rabbit erythrocytes.. 

Once it was established that a single value of EPM could be used to 
successfully predict migration distance-, equation (6) was applied to the 
prediction of the distribution oh the density-gradient column of cells subjected 
to a specific electrophoresis procedure, the EPM distribution was determined 
for fixed rat RBC's by microelectrophoresis; this is presented in Figure 4, 
which predicts a mean EPM of 1.22+0.06 jim-cm/V-see at 4°C, the operating temperature 
of the density gradient. Each histogram subclass in Figure 4 was subjected 
to the calculation of migration distance using equation (6), and the resulting 
distributions of cells on the density gradient column were determined at various 
times. These are shown in Figure 5, which includes an experimental profile for 
comparison. The experimental data indicate that the cells did not migrate 
as far as predicted, and the coefficient of variation was greater, probably 
owing to cell band distortion that results from the cell collection procedure. 

CONCLUSION 

From simple physics and the known dependence of EPM on neutral polymer 
(FIcoll) concentration it is possible to predict the upward anodic 
electrophoretic migration of cells in a FIcoll density-gradient column. 

Predictions are consistent with experimental data, and both theoretical and 
experimental plots of migration distance vs. time are approximately linear. 

From these facts it is possible to characterise a cell population by its EPM 
found by density-gradient electrophoresis, and at 4°C with no viscosity correction, 
one can define Ficoll-column mobility as 

. x K A 



tr 


(7) 




where I*eurrent, A” column cross-sectional area, K= conductivity, and x/t is a 
good approximation of v(x) , The predicted distribution of cells on the 
column is narrower than that observed; this is probably due to the increase 
In apparent bandwidth that occurs during the collection of cells in fractions 
from the column. 
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Figure l. Dependence upon Flcoll concentration of the electrophoretic 
mobilities of fixed rat and rabbit erythrocytes. 
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Figure 2. Predicted electrophoretic upward migration of fixed rat 
erythrocytes in a Fieoll gradient under the conditions 
indicated on the graph. 
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Figure 3. Comparison of predicted and experimental migration plots 
of fixed rat and rabbit erythrocytes subjected to upward 
electrophoresis in a Ficoll gradient under conditions 
indicated on the graph. 





Figure 4, Electrophoretic mobility distribution of fixed rat erythro- 
V cytes in density-gradient electrophoresis buffer at 4°C and 

at 25®C. This distribution was used to produce the profile 
in Figure 5. 
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Figure 5. Predicted and observed distributions of fixed rat erythro- 
cytes subjected to upward density gradient electrophoresis 


and collected in fractions by pumping the gradient out the 


top of the column. Vertical bars represent predictions on 


the basis of the distribution of Figure 4 and equation (6) 
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DENSITY GRADIENT ELECTROPHORESIS OF CELLS IN A REVERSIBLE 
GEL 

Lindsay D. Plank, M. Elaine Kunze, Richard A. Gaines, and 
Paul Todd 

Althouse Laboratory, The Pennsylvania State University, 
University Park, Pennsylvania X6802 


Density gradient electrophoresis permits the separation of 
cell types according to surface charge density with very 
high resolution. Any source of flow compromises the 
resolving power of density gradient electrophoresis. 
Although procedures have been devised to successfully 
counteract electroosnotic and convective flows, the final 
collection of separands requires that they be pumped out of 
the electrophoresis column. Experiments were therefore 
designed to test the hypothesis that this flow could also 
be eliminated by trapping the separated bands in a gel, 
from which they could subsequently be collected with high 
resolution by slicing thin bands from the cylindrical gel. 
Glutaraldehyde-f ixed rat and rabbit erythrocytes were used 
as test particles in a phosphate-buffered isotonic 
Ficoll-sucrose density gradient in a 2.2 cm diameter, 
thermostat ed vertical glass column (Prep. Biochem. 3, 383, 
1973). A special column design permitted passage of a 
plunger in at one end and the formed gel out at the other. 
Two types of agarose were used as gel polymers : 
Electrophoresis grade agarose (J. T. Baker Chemical Co.) at 
final concentrations of 0.1 to 0.25” and SeaPrep(TM) 
ultralow gelling agarose (Marine Colloids Div. FIX Corp.) 
at a final concentration of 1.5%. Electrophoretic 
saparability of the test particles and fluid stability were 
tested independently In the range of temperatures (32 - 
55 C) at which the agaroses were liquid and found to be 
relatively unaffected. The experiments demonstrated that 
the higher temperature required and the presence of agarose 
compromised neither the stability of the density gradient 
nor the migration properties of the cells. 

This research was supported by National Aeronautics 
and Space Administration Contract NA^9^15534, 
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DENSITY MAOISM" ELECTROPHORES IS QF CELLS IN REVERSIELE AGAROSE GELS 

M. E. Kunse , L 3. Flank. R. A. Gaines, and P. Todd 

403 Althouse Laboratory 

The Pennsylvania State University 

University Park, Pennsylvania 14902 

INTRODUCTION 



Two of the factors that affect achievable resolution in the separation of 
cells by density-gradient electrophoresis are related to the procedure of 
obtaining cells after they have been separated. Disturbance of cell-containing 
tones as they are removed from the column and sedimentation of cells from one 
tone to another compromise the purity of fract ions^ harvested by drop collection. 
The elimination of the time and motion involved in pumping or draining liquid 
from the column after cell separation should therefore improve electrophoretic 
resolution. Disturbing fractionation procedures could be avoided if the cells 
could be trapped in a gei matrix after separation and the gel sliced into bands 
for the collection of fractions without perturbing the cell-containing zones. 
Trapping separated cells m a gel would also have applications in remote 
operations such as column electrophoresis aboard the space shuttle and in 
semi-automatic devices that might be used in the future. 

Experiments were therefore undertaken to assess the feasibility of using, 
reversible gels in density-gradient electrophoresis in a vertical column. Fixed 
erythrocytes were used as test particles and, after considering several^ 
gel-forming polymers, agarose was chosen for testing as gel matrix material. 
The migration of test particles in the reversible gel and their ability to be 
trapped in position were tested. Fractionation procedures were not tested in 
this study. 

MATERIALS AND METHODS 

Gel Is . Rat and rabbit erythrocytes were diluted from fresh, unheparinized 
blood into 0.047 M Sorensen's buffer and washed and fixed in the same buffer in 
2.5% gl utaral dehyde for 10 min. After two more centrifugations in the same 
buffer the cells were stored in 0.145 g HaCI, 0.1 mg Na bicarbonate (1,2). 

Gels. Two types of agarose were used. 

The other, SeaPrepCTM) Is an ultralow gelling temperature agarose (Marine 
Colloids Div., FMC Corp., Rockland, ME). Because this agarose remains fluid at 
room tempareture, it is especially useful with live cells. 

Electrophoresis. Tha column * 1 «c t rophor as is method of Eoits at ai. was 
used (3,4,5) with some modifications. Ar. ill-glass column was constructed so 
that both ends could be opened completely for gel extrusion. This arrangement 
required additional adaptations as described in Figure 1. Polyacrylamide gel 
plugs formed in the side-arms and ends isolated the electrophoresis column frem 
the electrodes. Two-hole rubber stoppers formed the ends of the columns. The 
gel plugs were formed with the column oriented so that gravity established the 
plug shapes and, when necessary, balloons were inflated in the electrode vessels 
to provide a surface against which gels could form. 3uff*r solutions and 
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electrode solutions ware is previously described (4,5). 

Procedure In tha case of regular agarose, it was dissolved in "G-l" 
buffer (5) normally used to for the density gradient, but Ficoll was omitted 
while sucrose was it isotonic concentration. The final agarose concentration 
was 0.2%, which is liquid above 50 C and solid below 30 C. Thus, the column 
temperature was held at 57 C with thermostat water at that temperature while the 
agarose solution was admitted at the bottom of the column, followed by the cell 
suspension (fixed rat and rabbit erythrocytes, 20 millian/ol each). Th* 
temperature remained at 57 C until the end of cell separation, and the column 
was cooled with thermostat water at 4 C until the gel solidified for extrusion. 
In the case of Sea Prep agarose it was possible to use a procedure more 
compatible with cell viability. A normal Ficoll density gradient was used 
(3,5), and agarose was dissolved at 1.5% in all solutions at 37 C. The column 
was loaded from the bottom, first with "C-i” buffer, then with gradient, cells, 
and ‘'floor” 1 5 ) all containing agerose at 37 C. The column temperature was then 
brought to 32 C where Sea Prep remain* liquid, and upward cell electrophor esis 
was performed. The column temperature was slowly reduced to below 15 C, and the 
gel was extruded through the top of th* column after removal of overlying 
materials. 

aSS'JLTS 

The results of a cell separation with ordinary agarose at 57 C are 
illustrated in Figure Z, which consists of photographs taken every 30 min as 
upward cell migration proceded. Although a clear separation of the two types of 
erythrocytes (rat and rabbit) occurred, the temperature required was 
incompatible with cell viability. No density gradient was used, yet the fluid 
column remained stable at the operating temperature. 

Before SeaFrep agarose was used in conjuncion with a Ficoll gradient 
preliminary evaluations of electrophoresis at the elevated temperature were 
made, as it is normal to operate the column at 4 C with this density gradient. 
The shallow density gradient remained stable through a three-hour test at 52 C, 
as indicated by Figure 3. Over a similar period of time the electrophoretic 
migration of a sane of fixed rat erythrocytes was normal, as indicated in Figure 
4. It was found possible to shift, during a successful separation of rat and 
rabbit erythrocytes, from 10 C to 32 G without compromising the migration 
pattern of the cells (Figure 5). Thus the density gradient and electrophoretic 
pattern in the column were found to be stable through a wide temperature range. 

The migrat ion of rat erythrocytes was examined in the 1 , SVi aeaPrep Ficoll 
gradient column and found to be normal, as can be seen ifn Figure 4. The 
migration was linear, as predicted (7), but the band was broadened, possibly due 
to the time allowed for temperature equilibration before applying current. The 
column was cooled 3lowIy to 10 C and extruded in a 4 C coldroom. It was found 
that cooling toe rapidly after the completion of electrophoresis can lead to 
convection that compromises band sharpness. 


DISCUSS I ON 


The reversible gel procedure is, in principal, usable for density-gradient 
sell separation. To this point it has not been proven to improve resolution of 
separation, but it has the potential of providing a harvesting mechanism where 
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ire; collaction is not feasible. such is in iero-g column electrophoresis or in 
the separation of cells containing t very dense subpopu I at i on that sediments 
during harvesting. A reversible gel density gradient could also be used for the 
preparation of gradients : or transportation or salt where gradient forming 
equipment is unavailable or undesirable. The use of this technique, if suitable 
temperature control hid been available, aboard Shuttle flight STS -3 could have 
averted the loss of ? re e v a t « 5 ceils through loss of freezing capacity after 
recovery of the frozen, separated cell samples < 0 >, 
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cil'Jrs 2. Refractive index profile of * Ficoil density gradient after 86 min at 
operation of the column at full current at 32 C, indicating that gradient was 
stable throughout this operating regimen. 



CELL BAND POSITION, CM 



"iqurs 1 . Linear migration if fiaad rat erythrocytes in a itcoll gradient at 32 
C, indicating normal migration behavior of cells on the column operated at full 
current at the higher temperature. 


MIGRATION DISTANCE ,CM 





Figure 5. Linear migration of rat and rabbit erythrocytes through a Fieoll 
gradient at 10 Z and continued linear migration of rabbit erythrocytes through 
an upward temperature shift to 32 C. The ceil band position moved downward due 
tc sedimentation while the current was oif during effecting of the temperature 

shift. 



0 TIME, MIN 

figure & Linear migration of fined rat erythrocytes through i Fieoll gradient 
at 32 ' with 1.5% SeiPrepdft) agarose dissolved in the buffers. The column was 
solidified after migration had finished.. 
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FREE-ZONE ELECTROPHORESIS OF ANIMAL CELLS I. EXPERIMENTS ON 
CELL-CELL INTERACTIONS 
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Institute of Biochemistry, Biomedical Center, University of 
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Summary 


Free-zone electrophoresis is the horizontal electrophoresis 
of materials introduced into a rotating quartz tube as dense 
zones. The progress of electrophoretically migrating zones 
is monitored by scanning the tube with an ultraviolet 
photometer. The absence of fluid flows in the direction of 
migration permits direct measurement of electrophoretic 
velocities of any material (small molecules, macromolecules, 
particles, cells). As sedimentation is also orthogonal to 
electrok inetic motion, effects of particle-particle 
interaction on electrophoretic mobility can be studied ty 
free-zone electrophoresis. Fixed erythrocytes at high 
concentrations, mixtures of fixed erythrocytes from 
different animal species, and mixtures of cultured human 
cells were studied in low ionic strength buffers. The 
electrophoretic velocity of fixed erythrocytes was not 
altered ty increasing cell concentration or by the mixing 
of erythrocytes from different species. Concentrations up 
to 2 x 10 9 cells/ml were used. When zones containing 
cultured human glial cells and neuroblastoma cells were 
permitted to interact during electrophoresis, altered 
migration patterns occurred. As in the case of molecule- 
molecule interactions previously studied by free-zone 
electrophoresis, cell-cell interactions appear to depend 
upon cell type. 


Introd uction 


Free-zone electrophoresis (FZE ) in a rotating tube (1) has 
been applied to the study of proteins (2) and cells (3) in 
buffers of widely varying composition. The method has been 
applied also to the study of the interaction of samples in 
two zones when the zones electrophoretically collide with 
one another (1-4). Any subsequent mobility changes are 
attributable to the occurrence of a chemical reaction during 
collision . 

The interaction of animal cells during elVctrophoresis in 
free fluid is difficult to evaluate due to droplet, or zone, 
sedimentation at high cell concentrations (5). But Omenyi 
and Snyder (6) have presented data that erythrocytes might 
interact at high concentration, and evidence concerning 
cell-cell interaction was sought in experiments with human 
and rabbit erythrocyte mixtures in the microgravity 
environment, where zone sedimentation does not occur (7). 

The results of microgravity experiments, although consistent 
with a lack of cell-cell interaction, were not firm and 
unambiguous; the optical images available for analysis did 
not show two clearly separated peaks (7-9). Previous 
studies using FZE (3) indicated a lack of aggregation of 
fresh erythrocytes under all conditions of ionic strength 
and buffer composition tested; however, microorganisms 
aggregated under a wide variety of buffer conditions at high 
concentration and high field strength. This aggregation 
occurred abruptly after prolonged exposure (ca. 30 min. ) to 
high fields. 

Because zone sedimentation does not affect electrophoretic 
migration in FZE, and because this method also reveals 
interactions that affect electrophoretic migration, FZE was 
chosen as a means of exploring possible effects of animal 
cell interactions on electrophoretic mobility. 


Materials and Methods 


Cells . Human erythrocytes were obtained from a 47-year-old 
healthy male donor by venipuncture and immediately diluted 
into isotonic phosphate buffer containing 0.01% EDTA as 
anticoagulant. After three rinses in this buffer the cells 
were suspended in 2.5% paraformaldehyde in isotonic phosphate 
buffer at ambient temperature (19-24 °C) for 2 weeks. Rabbit 
erythrocytes were obtained from a 6-month-old healthy New 
Zealand white rabbit by ear venipuncture and treated 
subsequently in the same manner as the human RBC's (7). The 
cells were washed 3 times in electrophoresis buffer "D-l" 
prior to experiments. Two strains of cultured human cells 
were used: Normal human cells of glial origin, "787CG" and 

neuroblastoma cells "SKNSH-SYSY" , kindly supplied ty Dr. S. 
Pahlmann of the Wallenberg Laboratory, Uppsala. They were 
suspended from monolayer culture by rinsing 5 min in 0.02% 
EDTA in phos-phate-buf fered isotonic saline (PBS) and 
incubating 5 min at 37°C in 0.25% trypsin (1-300) in PBS. 

The action of trypsin was stopped by the addition of complete 
culture medium (Eagle's Minimum Essential Medium) containing 
10% fetal bovine serum. Cells were removed from medium by 
centrifugation and suspended in buffer C-l with 3.4% Ficoll 
(6.2% sucrose) to discourage sedimentation and aggregation. 


Buffers . The blood-collection buffer and the cell-fixation 
buffer are described in Table 1, which lists the concentra- 
tions of the ingredients. The electrophoresis buffer used 
for RBC electrophoresis, designated "D-l", and the buffer 
"C-l" used for cultured human cell electrophoresis are also 
described in Table 1. 

Electrophoresis . The free-zone electrophoresis apparatus 
(1), consists of a thermostated rotating horizontal tube 
coated with methy lcellulose to prevent electroosmotic 
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backflow. The RBC experiments reported here were performed 
with the following parameters: temperature, 14°C? tube 

rotation speed, 70 rpm; tube diameter, 3.0 mm; conductivity 
of buffer, 0.90 mmho/cmy applied current, 0.80 mA? optical 
monitoring wavelength, 320 nm or 290/320 nm ratio; column 
scanning interval, 5 min; column scanning time, 1 min (with 
field turned off). Cells were introduced in two starting 
bands at the "origin" of the tube 2 cm apart at 
concentrations of 2 x 10 9 cells/ml. The cultured human cell 
experiments were performed under the following conditions: 
temperature 3°C; conductivity of buffer, 1.5 mmho/em; 
applied current, 4.0 mA; potential, 1450 V. Other 
conditions were the same as for RBC experiments. Optical 
scans were recorded, usually at 5 min intervals, on paper 
with an analog strip-chart recorder. 

Table 1. Composition of buffers used in human and rabbit 
erythrocyte collection and fixation and in the 
free-zone electrophoresis tube and electrodes 
(concentrations are mM or %) 


COMPONENT 

BLOOD 

RBC 

TUBE 

ELECTRODE 



COLLECTION 

FIX 

D-l 

D-l 

C-l 

Na 2 HP 04 


53.7 

TTfe 

1.76 

8.10 

NaH 2 P0 4 


13.5 




kh 2 po 4 



0. 367 

0.367 

1.47 

NaCl 

145.0 

150.0 

6.42 

6.42 


KC1 



0.889 

0.889 

2.65 

MgCl 2 





0.48 

Na 2 EDTA 

4.0 


0.336 



Glucose 



222.0 


55.5 

Sucrose 





199.0 

Dime thy ISO 



5% 



Paraformaldehyde 

1.5% 




Conductivity 

(mmho/cm) 


0.9 


1.5 

Ionic Strength (g-ions/litre ) 

0.015 


0.030 
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Fractions of electrophoretically-separated human cells were 
collected from the tube with the long, thin needle normally 
used for inserting samples zones. Each fraction 
corresponded to a 2 cm interval along the tube. Each 
collected fraction was added directly to 5 ml of complete 
culture medium in a 60 mm plastic culture dish. The number 
of each cell type per microscope field was counted in ten 
fields by phase contrast microscopy 28 hours later. The two 
cell types were distinguishable in phase contrast at 160x 
total magnification. Figure 1 indicates the principle of 
multiple sample zone insertion, and figure 2 is a photograph 
of two erythrocyte zones inserted at different locations in 
the tube. 



I 



Figure 1. The insertion of multiple zones into the rotating 
free-zone electrophoresis tube. 



Figure 2. Photograph of 2 zones of erythrocytes inserted 

into the rotating free-zone electrophoresis tube. 


Results 


Cell-cell interaction was not found to be a significant 
factor in the electrophoresis of fixed erythrocytes. Figure 
3 is a series of optical scans of the free-zone electro- 
pho- ^sis tube at various intervals after the initiation of 
electrophoretic migration of two cell zones initially 2 cm 
apart. The human cell zone ("H") migrated through the 
rabbit cell zone ("R") without any modification of its 
velocity or zone shape. 



Figure 3. Optical scans of migrating zones of fixed human 
("H") erythrocytes and fixed rabbit ( W R" ) 
erythrocytes. Each zone contained 2 x 10 9 cells. 

Cell-cell interaction was found to occur in living, non- 
erythroid cells. Figure 4, lower panel, is a graph of the 
migration of a rapidly moving zone of cultured glial cells 
through a lower-mobility zone of cultured neuroblastoma 
cells. These cells interacted when the zones collided, and 
the aggregates that formed were visible so their motion in 
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Figure 4. Electrophoretic migration profile (top) and 
distance migrated vs time (bottom) of human 
neuroblastoma (circles) and glial (dots) cells 
inserted as zones initially separated by 4 cm. 

The glial cell zone (1.4 x IQ 3 cells) with a 
higher mobility, collided with the neuroblastoma 
cell zone (1.3 x 10** cells) after 30-50 min of 
migration, during which aggregates formed and 
migrated more slowly (indicated by x's). The two 
individual cell types continued to migrate with 
their original mobilities. The aggregates that 
formed during collision contained both cell types 
as indicated by their simultaneous presence in 
fraction 6 in the top figure, where the glial 
cell count has been multiplied by 5. 


the field could be followed. Their mobility was lower than 
that of the individual cell types. After the field was 
switched off, and the cells were collected from the tube in 
2 cm increments, most of the cells of both types appeared in 
the fraction that contained the aggregates. 


Discussion 


This study has confirmed previous findins (3) that 
erythrocytes do not interact with one another in a way that 
affects electrophoretic mobility and has extended these 
findings to very high cell concentrations, mixtures of cells 
from different species, and conditions encountered in 
preparative cell electrophoresis. On the other hand, living 
animal cells do interact, consistent with earlier 
observations involving microbial cells and leukocytes (3,4). 
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FREE- ZONE ELECTROPHOESIS OF ANIMAL CELLS. Paul Todd and 
Stellan Hjerten* . Institute of Biochemistry, The Biomedical 
Centre, University of Uppsala, S75 123 Uppsala, Sweden. 

Free-zone electrophoresis consists of horizontal electro- 
phoresis of samples applied in a small liquid zone in a hori- 
zontal capillary tube rotating at 60 rpm. The rotation and 
narrowness of the Lube prevent purterbations due to sedimenta- 
tion and convection from affecting motion in the direction of 
the applied electric field. Ultraviolet absorption scanning 
is used to determine the location of sample materials in the 
tube. This method has been used to determine mobilities of 
□acromolecules and bacterial cells; experiments were therefore 
undertaken to test It in analytical and preparative animal 
cell electrophoresis. Fixed erythrocytes from rat, rabbit, 
and chicken and cultured living human cells were used as test 
particles. Cells were electrophoresed in a Ficoll-containing 
medium having conductivity of 0.5 nmhos/cm; field strengths 
used were around 100 V/cm. Migration rates were around 20 
cm/h, end cells differing in mobility by 20Z were separated by 
4 cm. True mobility distributions of fixed test cells were 
determined, and coefficients of variation were around 4Z. 
Separated cells were removed by syringe, and fractions 8b-99Z 
pure were obtained. The maximum separated sample size was 
3 x 10 7 cells, and viable cell fractions were obtained when 
living cultured cells were used. Free-zone electrophoresis is 
a very effective analytical method for animal cells and is a 
useful preparative tool in certain applications. (Supported 
in part by a Yamagiwa-Yoshida Memorial International Cancer 
Study Grant/ . 
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Summary 

Econazole, an imidazole derivative with high antifungal activity, was tested for cyto- 
toxicity using five sensitive tests of human cell function in vitro: colony forming efficiency, 
growth rate, cell cycle distribution of a permanent epithelioid cell line (T-1E), and attach- 
ment efficiency and urokinase production by early passage human embryonic kidney cells; 
None of these endpoints was detectably affected by 1 fig/ml Econazole in serum containing 
medium. At 3 pg/ml, Econazole reduced slightly the growth rate of T-1E cells but did not 
detectably affect the other end pointB. 

Key words: Econazole; antifungal agents; human kidney cells; antimycotics; toxicity of 
antimycotic. 


Introduction 

Wyler et al.il) announced that Econazole 1 1 -[2, 
4-dichloro-/J-(p-chlorobenzyloxyl-phenetyl]-imida- 
zolel is an efficient antifungal agent that is not 
toxic to mammalian ceils in culture. The quanti- 
tative toxicological tests used were the ability of 
cells to replicate virus, rate of DNA synthesis, 
and rates of RNA and protein synthesis. It was 
concluded that 1 jtg / ml could be used safely and, 
on the basis of these tests, would not be toxic to 
cells. Many applications of modern cell culture 
include the requirement that individual cells form 
colonies when plated at low density. This end 
point is one of the most sensitive tests of viability 
because it requires that several cell functions re- 
main unaffected. Furthermore, the rate at which 
single cells multiply to form colonies is a yet more 
sensitive test of cellular metabolic and molecular 
integrity. We therefore performed a series of 
experiments in which effects of Econazole on plat- 
ing efficiency, cell multiplication rate, and pro- 
gression through the cell cycle were evaluated. 

Certain cell purification procedures subject 
cells to higher than normal risk of fungal con- 
tamination. A biochemical or secretory function is 
frequently demanded of cells after separation. 


The effect of Econazole on the ability of early pas- 
sage cultured human embryonic kidney cells to at- 
tach and secrete urokinase into medium was 
therefore also evaluated. 


Materials and Methods 

Ceils chosen for the study of colony formation, 
growth rate, and cycle progression were human 
T-l epithelioid cells. These aneuploid cells pro- 
liferated in cultures of normal human kidney (21 
and have been used extensively in plating effi- 
ciency experiments (3,4). It is possible that they 
are an early isolate of HeLa cells (5). They were 
propagated in Eagle's minimum essential medium 
supplemented with 10% newborn or fetal bovine 
serum, 100 U/m! streptomycin, and 100 pg/ml 
penicillin, at 37° C in 3% COj, 100% relative 
humidity incubator. Plating efficiency and 
growth rate experiments were carried out in the 
usual way (4). 

Human embryonic kidney cells were purchased 
as primary monolayer cultures from M. A. Bio- 
products, Inc. (Walkersville, MDI and subcul- 
tured in Medium 199 with 10% newborn and 5% 
fetal bovine serum, 100 U/ml streptomycin, and 
100 pg/ml penicillin. These cells were tested for 
their ability to produce urokinase in urokinase 
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TABLE 1 


Composition of Urokinase Production Medium 





Milliliter* 

Component 

Grama/ Liter MlllkwnoUr 

of Stock 

NaCl 

5.21 

179 


KC1 

0.56 

9 


CaClr2HiO 

0.37 

7.5 


MgSO, 7H,0 

0.S7 

4.6 


NaHCO, 

0.80 

21 


NaH,P0«H,0 
NaOH. 1 JV 

0.23 

3.3 

1,56 

Glycine 

6.0 

80 


Glutamine 

0.20 

2 


Glucose 

Lactalbumin 

1.0 

5.6 


hydrolysate 
Human sc, urn 

5.0 

42 


albumin 

1.0 



Phenol Red, 0.5% 
Eagle’s V itamins 



0.5 

100X 



10.0 


production medium consisting of Eagle’s vita- 
mins, Hanks’ salts, lactalbumin hydrolysate, 
0.1% human serum albumin, and 80 nuW glycine 
(Table 11. 

Econazole (Cilag-Chemie Ltd., Schaffhausen, 
Switzerland) was a gift from Dr. Heinz Mohl of 
Cilag-Chemie Ltd. It waB dissolved at 1 or 
3 fig/ml in complete medium from a lOOx stock 
solution in distilled HjO which was routinely 
stored at 4° C. 

Urokinase activity was assayed either by the 
amidolytic effect on the substrate S-2444, pyro- 
glutamylglycylarginyi-p-nitroanilide, manufac- 
tured by AB Kabi Diagnostics, Stockholm, 
Sweden (61, or by the fibrin plate method, using 
the following procedure. 

Ten milliliters of bovine fibrinogen (75% clot- 
table) (Miles Laboratories, Elkhart, IN) at 
5 mg/ ml was placed in c petri dish and clotted 
with 0.2 ml of thrombin (bovine, Miles Labora- 
tories) at 15 U/ml. Both reagents were dissolved 
in 0.1 M Tris pH 8,0. The clotted plate was al- 
lowed to stand for up to 1 h. Twenty microliters 
of sample were added to the surface of the clot 


TABLE 2 


Plating Efficiencies of Human 
T-1E Cells in Econazole 


Erauixole ijig/mlt 

Pilling EOktrncin 1% 1 

0 

61.3+1.7 

i 

55.3 + 2.4 

3 

62.0 ±1.0 


which was incubated at room temperature for 15 
to 24 h, and the m^jor and minor diameters of the 
elliptical lysis zones were measured. Solutions of 
the International Reference Preparation of uro- 
kinase were used to obtain standard curves of lysis 
area vs. CTA (Commit.ee on Thrombolytic 
Agents) units. 

Cellular DNA content was measured by 
fluorescent flow cytometry using a modified 
Bio/Physics Systems, Inc. (now Ortho Instru- 
ments,’- Bedford, MA) Cytofluorograf 4800 A (7) 
after staining the cells by the acriflavine-Feulgen 
procedure (8). The resulting cellular DNA dis- 
tributions were analyzed by computer programs 
written by Wood (9,10) for simplified analysis and 
comparison of the distributions. 


RESULTS 

Plating efficiency. The plating efficiency of cul- 
tured human T-1E cells was not affected by a 
range of concentrations of Econazole considered 
effective in fungus control, as indicated in 
Table 2. 

Attachment efficiency. The percent of early 
passage cultured human kidney cells able to at- 
tach and spread within 18 h was not affected by 
Econazole present at recommended useful con- 
centrations, as indicated in Table 3. 

Growth rate. Econazole at ) pg/ml did not 
introduce growth or division delay, nor did it 
modify the colony doubling time of human T-1E 
cells, as the growth curv is of Fig. 1 indicate. At 
3 pg/ml there seemed to be a 10% increase ill 
doubling time, but no indication of division delay. 

Cycle phase distribution. Consistent with the 
lack of growth curve modification was the finding 



F IG. 1 . Growth curves of colonies of human epithelioid 
T-1E cells In 0 (cirefesl, 1 (dors), and 3 (triangles) Mg ' ml 
Econazole as assayed by phase microscopic examination 
of 50 to 100 colonies in growing cultures. 
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Fig. 2. DMA distributions of cell populations exposed 
to 0 \ doited curve ) and 3 Isolid cured pg/ral Econazole. 
The difference between the two distributions is the same 
ag the difference between pair" of identically treated 
populations. 
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that 1 pg/ml Econazole produced no noticeable 
modification in cellular DNA distributions when 
applied to human T-1E cells for 48 h. as compari- 
son of the DNA distributions in Fig. 2 shows. 
Also, 3 pg/ml had no noticeable effect. The inte- 
grated differences between the DNA distributions 
of control cells and cells treated with 1 and 
3 pg/ml were, respectively, 3.94 ± 0.87% and 
4.36 ± 4.25%. These differences are too small to 
be significant, inasmuch as identically treated cul- 
tures, including controls, when pairs were com- 
pared differed by 5.01 ± 3.50% in the same ex- 
periments. Apparently Econazole does not per- 
turb progression through the human cell cycle by 
the introduction of delays in specific phases. 

Specific eniyme production. The production of 
urokinase by cultured human embryonic kidney 
cells in high glycine, serumless production 
medium is not altered by 1, 3, and 5 pg/tnl 


Effect of Econazole on 24 H Attachment 
Efficiency of Human Embryonic Kidney 
Cells -Passage 3 


Econazole fig/ml 

% Cell* Attached 

0 

77 ±6 

l 

83±5 

3 

82 ±5 



TABLE 4 


U rokinase Production of Human Embryonic 
Kidney Cells in Econazole 


Ecoftszoie Ifjg/mlf 

Fibrin Plale (CTA U/mll 

S-2+H ICTA u/mll 

0 

55 

52.5 

1 

50 

40.8 

3 

60 

56.4 

5 

45 

48.5 


of Econazole, as indicated by the results of fibrin 
plate tests and colorimetric assays shown in 
Table 4. After 4 d in Econazole, standard cul- 
tures produced 55 CTA U /ml of urokinase, and 
cultures treated with 3 pg/ml Econazole pro- 
duced 60 CTA U/ml. The similar size of the 
thrombolytic zones also implied that no change 
occurred in the type of urokinase produced; that 
is, the treated and control cultures produced 
plasminogen activators with the same molecular 
weights. 


Discussion 

On the basis of five additional sensitive tests of 
cell function in vitro, it seems that Econazole at 
1 pg/ml has a negligible effect, and its cytotoxic- 
ity at this concentration is sufficiently low to 
indicate that it is a safe antifungal agent for 
quantitative cell culture research. At 3 pg/ml, 
Wyler et al. (1) observed detectable inhibition of 
macrcmolecular synthesis; this is consistent with 
the observation (Fig. II that thiB concentration 
slightly slowed the growth rate of a permanent 
cell line. Nevertheless, it was reported that 
3 pg/ml can counteract heavy 'ungal contamina- 
tion, and it seems that very minute cell damage 
accompanies treatment with this concentration. 
In substantial agreement with Wyler et al., we 
recommend use of Econazole at 1 pg/ml as anti- 
fungal agent in quantitative cell culture 
experiments. 
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Figure 4. Lysis zones formed in the fibrin plate assay of human kidney 
cell urokinase. The 100-mm plate on the right contains zones 
formed by aliquots of WHO urokinase standard. These are used 
to develop a standard curve in every experiment. The plate on 
the left contains two lysis zones (left side) produced by uro- 
kinase activity of 0.2 ml of production medium from control 
human kidney cell cultures and two lysis zones (right) produced 
by identically-treated cultures that contained econazole. 



Chapter 10. 


Evaluation of Low-Ionic-Strength Buffers for 
Freezing and Electrophoresis of Cultured 
Human Cells, 


TASK I, Development and testing of electrophoresis solutions.* 


1,1, Development of optimal buffer system. 


*85 31755 


Of the four types of buffers proposed for testing, two have been 
explored: low ionic strength electrophoresis buffer with and without 
density-gradient material. When the ability of cells to attach and 
spread was used as viability criterion it was found that the electro- 
phoresis routine was better tolerated when Ficoll was present. Table 1 
shows the results of a viability study that began with a poor-viability 
population of primary human fetal kidney (HFK-1) cells at the first 
passage. 

Three cell lines have been utilized so far in various aspects of 
the project, including the other tasks (below). Human T-l cells orig- 
inated from a biopsy of a kidney of an adolescent male in 1957 (1) 
and have been in continuous use in the project laboratory. Cell strain 
"HFK" (our designation) was obtained at first passage from Grand Island 
Biological Co. Aliquots were frozen at second passage, and it was 
propagated to the 13th passage. Cell strain "HFK-1" has been used in 
several experiments at the first and second passage. HFK consisted 
mainly of fibroblasts, and HFK-1 has a high epithelioid cell content. 
The chromosomes of HFK were examined, and the cells were found to be 
euploid. 


The stock medium for cell electrophoresis is described in Table 2. 

In this solution are dissolved density-gradient solutes such as sucrose 
and Ficoll to bring the osmolarity to 0.30. Its ionic strength is less 
than G.Q1M, and its conductivity is usually 0.0011 raho/cm. (2). 

Methods for viability determination have included direct microscopic 
counting of the percent cells attached and spread within 24 hr of plating 
test cultures or electrophoretically separated fractions. In terms of 
the project objectives, this seems to be the most relevant test. The 
Cytograf viability assay concept has been tested, and Figure 1 shows, 
as expected that blue-stained cells scatter less light into the 0.8 - 3.3° 
angular interval than do unstained cells. Experiments are continuing 
using a KeNe laser with the Los Alamos flow cytophotometry system 
"FMF II" currently on loan from the Environmental Protection Agency. 

This apparatus permits optimization of the light-scatter detection angle 
so that stained cells will be maximally discriminated (3). 

1.2. Ionic strength tolerances. 


All cultured cells tested so far appear to be highly tolerant of 
the low (less than 0.01 M) ionic strength of electrophoresis buffers 
(see also Table 1). This finding is consistent with the experience of 
the ASTP MA-011 experimenters, who used "A-l" buffer with 0.0097 M ionic 
strength. It is presumed, therefore, that the full range of ionic 
strength between 0.14 M (physiological) and 0.01 M is acceptable. 



I 1.3. Testing of viability at non-standard pH's. 

i 

l Studies have not yet been initiated on this aspect of the project, 

i ( which will be important only if isoelectric focusing studies are contem- 

[ plated. 

5 

| 1.4. Optimum inorganic salt concentrations. 

| Low (Na + ) seems to be acceptable as long as the osmolarity is 

* maintained with neutral solutes (glucose, sucrose, Ficoll) . The 

f standard buffer is 1.6 mM Na (Table 2) compared to 8. 1 mM used in 

th e MA -011 buffer. However, our buffer contains 4.1 mM IT and 0. 5 mM 
Mg+++ while the A-l buffer contains only 0.37 mM K and no Mg 
Preliminary experiments indicate that EDTA is very toxic. 

TASK II. Optimization of freezing and thawing. 

11. 1. Determination of optimum additive concentrations 

The use of 10% DMSO had always been satisfactory in out customary 
procedure (5). Strain HFK did not survive after thawing, and the cells' 
morphology was clearly indicative of severe membrane damage. The 
method of trypsinizing is currently under investigation as an etiologic 
factor in low post-freezing viability. The optimization of trypsinization 
will be entered into the project before DMSO and glycerol concentration 
studies continue. 

11. 2. Determination of optimum freezing rate. 

^ Due to conditions just described, studies have not yet been initiated 

V on this aspect of the project. 

TASK III. Procedure for evaluation of separated cells. 

III.l. Standard culture conditions. 

A l-to-6 dilution of cells suspended in electrophoresis medium 
directly into growth medium (Eagle's BME + 10% fetal calf serum) in 
a 60 ram culture dish for each fraction has worked extremely well. . Cells 
of the strain HFK-1 do very well in "maintenance medium" consisting of 
Medium 199 plus 5% fetal calf serum. There is very little cell multi- 
plication, and cells are not lost from the vessel surface. They attach 
readily in both media. Passing cultures of this strain at high density 
has resulted in a lack of fibroblast overgrowth and maintenance of 
epithelioid, granular morphology. 

Electrophoretic fractions nf HFK and HFK-1 attach and spread 
within 1 hr after plating 1 ml cells suspended in low-ionic strength 
electrophoresis buffer into 4 ml of Eagle's BME + 10% fetal calf serum. 

The use of 15% serum was not found to improve the viability of cells 
plated from frozen stocks. 


( 


TASK I. Development and testing of electrophoresis solutions. 

The testing of buffers and media continued, using additional new 
human kidney cell explancs obtained from Microbiological Associates, 

Inc. These were designated HFK-6 through HFK-9 . The earlier source, 

Grand Island Biological Company, is no longer supplying human kidney 
cells. During this 6-month reporting period a problem requiring additional 
research arose, Petal calf serum became scarce then essentially un- 
available. Alternatives tested for the growth of HFK-7 and HFK-8 cells 
included Calf serum, newborn calf serum, donor calf serum, ’'bobby" calf 
serum, and bovine (adult) serum. No qualitative differences were observed 
between cultures of these cells grown in fetal and newoorn calf sera at 
10% concentration in Eagle's BME. If anything, newborn serum was Defter 
(EXP 1064). A more quantitative evaluation was.made using our colony- 
forming human cell line T-1E, which shares phenotypic properties with 
HeLa cells. It was found (EXP 1069) that plating efficiencies were not 
significantly different whether fetal, newborn, calf, or bovine sera 
were used at 10% concentration and that growth curves in fetal and 
newborn sera were indistinguishable. Experimentation therefore con- 
tinued using newborn calf serum on a routine basis. 

Comparisons between PBG and A-l buffers continued at various 
stages of cell preparation and electrophoresis. The formulae for 
these solutions were given in the previous progress report. Emphasis 
was placed on the effect of spending 4 hr at 4°C in the two buffers 
containing DMSO or glycerol on the cells' ability to attach and spread 
in culture and to form confluent monolayers 1 . The regular culture medium 
"BME-10" was used as control standard, .The effects of 5% DMSO or 
glycerol were compared in complete medium, and it was found (EXP 1036) 
that without freezing DMSO produced denser cultures than glycerol in 
72 hr, and the cultures in the two solutions were comparable after 96 hr. 
Supernatants contained cells that later attached in both cases, and 
cells from both treatments ultimately produced confluent sheets. When 
5% glycerol was used in A-l or PBG buffers (EXP 1037) for storage at 
4°C for 4 hr it was found that A-l plus glycerol led to slightly higher 
viaoility than PBG plus glycerol, as shown in Table 1. It is concluded 
that, if cells are not to be frozen, A-l buffer is slightly better. 

However, see below under "freezing" task. 

Another step in the procedure was examined, namely the use of EDTA or 
scraping in place of trypsiniaing to prepare cells for electrophoresis. 
Although neither procedure was as gentle as our usual trypsinization it 
was clear that incubation of monolayers in 0.37% EDTA in Puck's Saline A 
(PSA), which produced 48% attached and flat cells in 24 hr was superior 
to scraping cells in PSA and no EDTA, which produced less than 20% cells 
attached and spread in 24 hr (EXP 1062), Due to an earlier decision to 
try to avoid trypsinization in future electrophoresis runs, cell dispersal 
for electrophoresis is now being done with 0,377# EDTA in PSA. Monolayers 
are incubated 10 min in this solution, and suspending fluid is added to 
dilute the EDTA. 
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TASK II. Optimization of freezing and thawing. 

It was previously reported that freezing and thawing of HFK cell 
suspensions resulted in large numbers of non-adherent but apparently 
viable cells. These cells were subjected to further study, and no 
evidence could be found that they are capable of proliferation (EXP 
1024). Attempts to evaluate their DNA content by laser flow cyto- 
fluorometry failed when it was found that the 4N HC1 used in Feulgen 
hydrolysis destroyed these cells (EXP 1027, 1039). It is tentatively 
concluded that these are dead cells whose unattached carcasses do not 
readily lyse or otherwise disappear from cultures. Cells with this 
peculiar behavior have not been found in large numbers in recent 
explants . 

Glycerol and DMSO (57®) were compared as freezing agents in 
complete medium (EXP 1036). Cells frozen 18 days in liquid nitrogen 
attached more quickly after thawing in., glycerol than in DMSO. On the 
second and third days, however, the cultures were indistinguishable. 

When 5% glycerol was used in A-l or PSB and cells were frozen 2 days, 
the results shown in Table 2 (EXP 1037) were obtained, and it was 
concluded that PSB is superior to A-l when cells are frozen in glycerol, 
despite the above finding that cells in A-l buffer survive better when 
freezing is not part of the procedure. 

The effect of incubation time after thawing and before adding medium 
was investigated. By allowing cells to attach 1 hr and removing medium 
and replating the supernatant while changing medium on the attached cells, 
it was possible to conclude that 75% of the cells (HFK-6) attach in the 
first 2 hr after thawing and that they tolerate the residual DMSO 
(diluted to about 0.8%) for this 2-hr period (EXP 1083). 

In a combined 3-day freezing test of glycerol vs. DMSO and A-l vs. 

PBG it was found, as indicated in Table 3 (EXP 1060) that combining 
glycerol and DMSO was very bad for the cells, otherwise glycerol and 
DMSO were about the same in A-l buffer, but in this particular test 
glycerol appeared to be better than DMSO In PBG; however, the fraction 
of cells that also spread in 24 hr was actually greater in DMSO-- 
28% vs. 13%. Cells spread more slowly yet (10-12% in 24 hr) in the 
A-l buffer solutions. 

The results of freezing and thawing experiments to date slightly 
favor the use of 5% DMSO in PBG, but it is also evident that 57® glycerol 
in A-l is really not very different. It seems that 50-60% viability 
(in terms of cell attachment in culture) is to be expected under several 
of the conditions tested. The present data do not give very strong 
reasons for making recommendations of any particular combination of buffer 
and freezing agent. 
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Table 1, Effect of medium composition on the viability of cells stored 
at 4°C for 4 hr. 




PER 

CENT CELLS 

ATTACHED 

AFTER 

MEDIUM 

24 

HR 

48 HR 

72 HR 

96 HR 

"BME-10" 

95 


100 

Confluent 

Confluent 

A-l + 57i glycerol 

76 


77 

77 

Confluent 

PBG + 5 7. glycerol 

68 


63 

70 

81 


Table 2. Effect of medium composition on the viability of cells frozen 
in liquid nitrogen for 2 days. 

PER CENT CELLS ATTACHED AFTER 


MEDIUM 

24 HR 

48 HR 

72 HR 

9b I 

A-l + 5% glycerol 

29 

19 

20 

23 

PEG + 57<> glycerol 

39 

45 

33 

53 


Table 3. Effect of medium composition on the attachment of cells frozen 
^ in liquid nitrogen for 3 days and examined 24 hr after thawing. 


BUFFER 

% 

GLYCEROL 

% 

DMSO 

7. CELLS 
ATTACHED 

A-l 

5 

0 

57 

m 

5 

5 

0 

ii 

0 

5 

37 ' 

tt 

0 

10 

0 

PBG 

5 

0 

72 

it 

5 

3 

0 

ii 

0 

b 

49 

ii 

0 

10 

48 
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Table 1, Viability of HFK-1 cells at first passage under various simulations 
of electrophoresis treatment. The ability to attach and spread in 
culture was used as viability criterion. 

medium treatment viability 


PBG + 

6.8% 

sucrose 

30 

min. 25°C 

42% 

PBG. + 

6.8% 

sucrose 

4 

hr. 4 C 

44% 

PBG + 

5.9% 

sucrose 

4 

0 

hr. 4 C 

66% 

+ 

5.0% 

Ficoll 





Table 

2. Composition of phosphate 

-buffered glucose 

medium (PBG) . 



COMPONENT 

MW 

m. 

M 



KC1 

74.56 

0.20 

0.00268 



MgCl 2 ' 6H 2 0 

203.33 

0.10 

0.00049 



Na 2 HPO 4 

141.96 

1.15 

0.00810 



KH Z P0 4 

139.09 

0.20 

0.00144 



Glucose 

180.16 

10.00 

0.05551 



Table 3. Composition of 
buffer used in 

zero-g electrophoresis 
viability tests (A-l) . 


COMPONENT 

MW 

«/£ 


M 

NaCJt 


58.45 

Q.380 


0.00642 

Na2HP0i, 


94.93 

0.167 


0.00176 

KH 2 F0. ( 


136 . 09 

0.050 


0.000367 

Na 2 EDTA 


372.24 

0.125 


0.000336 

Glucose 


180.16 

40,0 


0.22 i 

Glycerol 


92.10 

47.34 


0.514 


( 
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Introduction 

One of the promises of preparative cell electrophoresis is its 
ability to purify functioning, living animal cells in useful 
quantities. One of several such methods is density-gradient 
electrophoresis. When a low- ionic-strength , isotonic gradient 
of Ficoll and sucrose is used in a glass column at 4®C, the 
physical factors that determine the upward velocity of cells 
combine to produce a nearly-constant migration rate. Density- 
gradient electrophoresis has been applied to suspended cells 
prepared from freshly dispersed tissues, cultured-cell mono- 
layers, and naturally suspended cells from body fluids (1, 2, 

3, 4). It is the purpose of this report to briefly describe 
recent work performed at the Pennsylvania State University con- 
sisting of further physical characterization of density- 
gradient electrophoresis and the results of a small number of 
recent applications to living cells. The most popular uses of 
preparative cell electrophoresis have been in the field of 
immunology, and this is true of density-gradient electrophor- 
esis (4, 5). Some rather more unusual applications will be 
discussed here. All of the research reported here used the 
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apparatus and methods described by Bolt z et al. (6) . Columns 
without a central cooling finger were used. 

Electrophoretic Cell Migration in a Ficoll Gradient 

As cells migrate upward through a decreasing Ficoll concentra- 
tion in the electrophoresis column they encounter changes in 
viscosity/ density, and* conductivity . In addition, Ficoll it- 
self affects electrophoretic mobility (1, 6, 7). The effect 
of Ficoll was determined quantitatively by the microscopic 
method of cell electrophoresis using the- 'Zeiss cytopherometer 
and determination of mobilities from complete velocity para- 
bolas corrected for asymmetric electroosmotic backflow (2, 8). 

A linear increase of the mobilities of various erythrocytes 
with increasing Ficoll concentration was found. From the 
remaining known and measured properties of the cells and solu- 
tions (9) it is possible to predict the upward migration velo- 
city of cells under the influence of the combined forces of 
gravity and the applied electric field. The resulting mathe- 
matical relationship, when integrated numerically, produces a 
migration plot (distances vs. time) such as that shown in Fig- 
ure 1. Because migration velocity depends slightly, but 
roughly linearly, upon migration distance, an exponential func- 
tion is expected, but, as Figure 1 indicates, this is a slowly 
rising exponential function which is indistinguishable from a 
straight line within the accuracy of most distance measure- 
ments. The electrophoretic mobility, u, normally defined as 
migration velocity per unit field strength in pm-cm/V-sec, was 
therefore determined in these studies by dividing the distance 
migrated by the electrophoresis time and dividing this ratio 
by the constant field strength. 



Figure 1. Plot of migration distance vs- time for upward 
migration of erythrocytes in a Ficoll gradient. 

The graph was determined by numerical integration 
of the relationship between cell velocity and the 
varying properties of the gradient: viscosity, 

density, conductivity, and Ficoll concentration. 
Below the break shown near the middle of the curve 
the numerical integration is approximated satisfac- 
torily by an exponential function resulting from 
the assumption that cell velocity depends linearly 1 
on migration distance. _ . . i 


Effect of Cell Cycle Phase on Electrophoretic Mobility 

Cells from a long-term cultured epithelial line designated 
"T-l" (10, 11) were cultured in monolayers in plastic flasks 

and suspended in electrophoresis buffer by detachment with 
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EDTA. After subjecting the suspended cells to density-gradient 
electrophoresis, fractions were collected, and the DNA content 
of individual cells was measured by flow cytometry using the 
staining method of Trujillo et al. (12) and flow cytometry with 
a Bio/Physics Systems, Inc. Cytof luorograf (13). The cellular 
DNA distribution of individual fractions revealed that low- 
mobility fractions were enriched in cells in the G2 phase of 
the cell cycle (Figure 2) . However, the mobility distributions 
cf cells in different phases of the cycle are broad (14), and 
the data of Figure 2 reveal only, as found by Forrester (14) , 
that there is a general trend toward lower mobilities as cells 
progress through the cycle. 



Figure 2. Cellular DNA distributions of cultured human T-l 

cells in fractions collected after density-gradient 
electrophoresis. DNA content per cell was cali- 
brated biochemically (15) . Higher mobility frac- 
tions were depleted, while lower mobility fractions 
were enriched, with respect to cells in the G2 phase 
of the cell cycle. 



Urokinase-producing Cells in Human Embryonic Kidney Cell 
Cultures 

Human urokinase, a plasminogen activator produced in the kid- 
ney, is being considered as a therapeutic agent for thrombosis 
(16) . Electrophoretically purified cultured human embryonic 
kidney cells are considered a potentially efficient source of 
this material (17) , and electrophoretic purification attempts 
have been reported (18) . Cells from early-passage culture, 
designated "HFK-18", were propagated in monolayers in plastic 
flasks and suspended in electrophoresis buffer by detachment 
with EDTA, After subjecting the suspende'd cells to density- 
gradient electrophoresis, fractions were collected and cultured 
in complete medium. Just before these cultures became conflu- 
ent the complete medium was replaced by a high -glycine, incomp- 
lete medium into which urokinase-producing cells secreted their 
product. Urokinase activity was measured in CTA units by a 
calibrated fibrin-plate method (19) every 3-4 days after this 
medium change. Figure 3 indicates that most electrophoretic 
fractions contain cells that produce urokinase and, in this 
particular culture, the highest mobility fractions produced the 
highest levels of urokinase activity per cell. 


Freshly Dispersed Lymphocytes from the Irradiated Mouse Spleen 

Radiation therapy often leads to lymphopenia in treated cancer 
patients (20) . It had previously been found that lymphocyte 
population changes in thymus lymphocytes of irradiated mice 
could be followed by analytical electrophoresis as a function 
of time after irradiation and that a clear rise and fall of the 
proportion of high-mobility (presumably cortical) cells occurs 
(21) . Similarly, spleens of control and irradiated mice were 
excised 9 hr after exposure to 5.5 Gy of 60 Co gamma radiation; 
lymphocytes were teased away from stromal tissue and purified 
by the magnetic removal of macrophages and the removal by 
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Figure 3. Density-gradient electrophoretic profile of cultured 
human embryonic kidney cells "HFK-18" at the fifth 
passage in vitro . Cells per field (O) in each frac- 
tion was determined by phase-contrast microscopy of 
cultures in dishes; urokinase activity (•) was 
determined by a fibrin-plate method (19) . High 
mobility cells showed a high specific activity. 


centrifugation of erythrocytes (2 2) . The resulting lymphocyte 
suspensions were subjected to density-gradient electrophoresis, 
fractions were collected, and the number of cells per fraction 
in the 5. 0-6.3 ym diameter range was determined by Coulter 
counter. The results shown in Figure 4, which is a distribu- 
tion of cell number vs. electrophoretic fraction, indicates 
that there was a preferential loss of cells from the low- 
mobility cell population after irradiation. The high-mobility 
fraction has been reported to consist mainly of T-lymphocytes 
in adult: mice (23.' . From this result we conclude that non-T- 
lymphocytes are preferentially reduced in number in the spleens 
of irradiated mice. 
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FRACTION 

Figure 4. Density-gradient electrophoretic profile of 5. 0-6. 3 
lim cells in fractions collected from columns to 
which were applied splenic lymphocytes from control 
(0) and irradiated {•) mice. The percent cells in 
the low-mobility (presumably non-T) population was 
preferentially reduced 9 hr after exposure to 5.5 
Gy. 


Suspended Somatotrophin-producing Cells from the Rat Anterior 
Pituitary 

Purified populations of live somatotrcphin-producing cells have 
numerous potential applications , including implantation for 
growth enhancement (24) , production of mRNAs for gene cloning, 
investigation of single-cell responses to releasing agents 
(25), the study of other functions of somatotrophs (26), and 
hormone production in vitro (27) . Preparative cell electro- 
phoresis is one of the methods that is potentially applicable 
to this particular cell purification problem. Somatotrophin- 
secreting cells constitute about 30 percent of the cells in 
the mammalian adenohypophysis so their electrophoretic mobility 
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Figure 5. Electrophoretic profiles of suspended rat anterior 
pituitary cells after enrichment {upper panel) or 
depletion (lower panel) of somatotrophs by centrifu- 
gation. Bands 1, 2, 3, and 4 define fractions 
that were pooled for radioimmunoassay of hormone per 
1000 cells. Band 4 in the upper panel was richest 
in somatotrophs, and their specific activity was 
nearly twice that of centrif ugally purified somato- 
trophs . 


cannot be determined by analytical cell electrophoresis methods. 
Heavily granulated rat somatotrophs were separated to ca. 80% 
purity by a single centrifugation procedure (28) consisting of 
layering freshly dispersed cells over 28% bovine serum albumin 
(BSA) (density 1.069 g/cm 3 ) which in turn was layered over a 
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dense, 34% BSA, layer. Centrifugation produced two rat pitu- 
itary cell bands, band I at the top interface and band II at 
the intermediate interface. Cells in band II were enriched 
somatotrophs. The electrophoretic mobility distribution of 
these partially purified cells was determined by density- 
gradient electrophoresis. At the same time electrophoretic 
fractions were collected and assayed for growth hormone content 
so that specific mobilities could be associated with specific 
levels of hormone production per cell. Two electrophoresis 
columns were used to simultaneously separate cells in centri- 
fugal bands I and II. The separation profiles (Figure 5) reveal 
obvious differences in the mobility distributions between bands 
I and II. Radioimmunoassay of pooled fractions of cells from 
this separation experiment showed that the specific activity of 
cells from band 4 (lowest mobility group) in the upper panel of 
Figure 5 was 872 r.g of growth hormone per 10 00 cells, whereas 
pooled fractions represented by bands 1, 2, and 3 had 300 + 

50 ng/1000 cells. Cells from all fractions from column II 
(lower panel of Figure 5) had only 30 ng/1000 cells. These 
data suggest that a small pool of somatotrophs that contain 
relatively large quantities of hormone can be separated from 
other cell types on the basis of their low electrophoretic 
mobility . 


Discussion and Summary 

The fact that cell migration in Ficoll density-gradient elec- 
trophesis is nearly linear allows meaningful separations and 
analyses to be performed by density-gradient electrophoresis. 

In specific research projects it was found that the electro- 
phoretic mobility of logarithmically growing cells from a long- 
term cultured human cell line depends on cell cycle phase. 
Preparative electrophoresis maJ.es this experiment possible in 
the absence of artificial synchronization of the cells. Elec- 
trophoretic subpopulations of cells from human embryonic kidney 
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are enriched in cells that produce urokinase, a' plasminogen 
activator used in thrombolytic therapy. Preparative electro- 
phoresis concentrates larger numbers of these senescing cells 
than could be done by the selection of single clones. Electro- 
phoretic separation of freshly dispersed lymphocytes from the 
irradiated mouse spleen indicates a preferential loss of low- 
mobility ("non-T") cells. Freshly dispersed cells from the rat 
anterior pituitary have a low-mobility subpopulation that is 
rich in somatotrophs that contain growth hormone after electro- 
phoretic purification. Preparative electrophoresis permits the 
post-separation use of functional assays to unequivocally iden- 
tify classes of cells having known electrophoretic mobilities. 
These research examples also indicate the utility of prepara- 
tive electrophoresis, especially including density-gradient 
electrophoresis, in producing populations of functioning cells 
for further study or use in the production of cell products. 
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ELECTROPHORETIC MOBILITIES OF ERYTHROCYTES IN VARIOUS BUFFERS 
L. D. Plank, M. E. Kunze, and P. Todd 
INTRODUCTION 

The calibration of space flight equipment has grown to depend upon a 
source of standard test particles, and the test particle of choice has become 
the fixed erythrocyte. Erythrocytes from different species have different 
electrophoretic mobilities. Most buffers used in space electrophoresis 
applicatons have low conductivity and hence low ionic strength. 

Electrophoretic mobility depends upon zeta potential, which, in turn depends 
upon ionic strenth. Zeta potential decreases with increasing ionic strength, 
so cells have high electrophoretic mobility in space electrophoresis buffers 
than in typical "physiological" buffers, which have ionic strength = 0.145 
g-ions/1. Therefore, a series of experiments was conducted to characterize the 
electrophoretic mobilities of fixed human, rat, and rabbit erythrocytes in 

0. 145 M salt, the standard experimental condition, and buffers of varying ionic 
strength, temperature, and composition, in order to assess the effects of some 
of the unique combinations used in space buffers. 

Several effects had to be assessed: glycerol or DM30 (dimethylsulf oxide) 

were under consideration for use as cryoprotectants . The effect of these 
substances, if any, on erythrocyte electrophoretic mobility was therefore 
important to know. The choice of buffer partly depended upon cell mobility 
(owing to operating constraints of the EEVT apparatus). Primary experiments 
with kidney cells established the choice of buffer and cryoprotectant. A 
non-standtard temperature was anticipated in the EEVT experiment, so the 
temparture dependence of EPM in the suitable buffer had to be determined. 

Since there was a loss of ionic strength control in the course of preparing 
columns for flight, the efffects of small increases in ionic strength over the 
expected low values were also in need of evaluation. 

MATERIALS AND METHODS 

Approximately 10 different buffers were used in EPM measurements that were 
performed over the 6-year project period. Most of these are described, with 
respect to composition, ionic strength, conductivity, and osraolarity, in Table 

1. In addition, the buffer designated "C-2", one of the glucose-sucrose Boltz 
buffers originally developed for density gradient electrophoresis, is described 
in Table 2. 

Rat erythrocytes were collected by cardiac puncture or exsanguination 
after cervical dislocation. For fixation they were collected into 0.067 M 
Ssorensen's buffer and fixed in formaldehyde by Seaman's method or in 
glut ar aldehyde by Tenforde and Glaeser's method. Human and rabbit blood were 
collected by venipuncture and fixed in the same way. 

Measurements of EPM were performed using the Zeiss "Cytopherometer" with a 
rectangular chamber and Cam-Apparatus electrodes or with the "Pen Kem 3000" 
automated electrokinetic analyser. In the former case, cells at all depths 
through the chamber were clocked (by hand), and the resulting data were 
recorded on a DEC PDP-11 or Zenith Z100 miocrocumpter for fitting of assymetric 
parabolas and analysing them into histograms of cell count vs. mobility, using 
the BASIC RT-11 programs developed by L. D. Plank on the basis of the work of R 
A. Gaines (Chapter 4). 
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RESULTS 

During the 1980-1982 calendar years numerous EPM measurements were mmade 
„ on fixed human erythrocytes; the raw list of resulting mobilities is given in 
t ' * stable 3. The other standard particle chosen of use on EEVT was fixed rabbit 
erythrocytes, which have about 0.55 the mobility of human erythrocytes, 
although the literature values tend to vary by about 15% around this ratio. 
Table 4 is as raw list of rabbit erythrocyte mobilities. From these two tables 
it was possible to derive the final mobility values most relevant to the EEVT 
experiment; these are the human and rabbit erythrocyte mobilities in buffer 
D-l, finally chosen for the flight experiment, and 0.145 M NaCl in bicarbonate 
buffer, the standard buffer for erythrocyte electrokinetic mauseruemts. These 
measurements are summarized in Tables 5 and 6. All values are corrected ot the 
viscosity of water at 25 degrees C. 

During the final months before flight an invonslstency arose concerning 
the EPM of the cells fixed by G. V, F, Seaman to be used as the flight 
standards. Measurements at McDonnel-Douglas Astronaouties Corp. (MDAC) yielded 
unexpectedly high mobilities, and measurements at Marshall Space Flight Center 
(MSFC) yielded unexpectdely low mobilities. These discrepancies were resolved 
when it was found that the MDAC samples had become contaminated, and they also 
had high mobilities when measured at the Pennsylvania State Universtiy (PSU) 
(Table 3, lines 1 and 2), and when the same viscosity corrections were applied 
to data obtained at MSFC (Figure 1) and PSU (Tables 3 and 4) the mobiliteis and 
standard deviations were essentially the same. Thus, the ACTUAL mobilities 
agreed upon, that would apply in D-l buffer at 25 degress, are those seen in 
Figure 1, prepared by Dr. R. S. Snyder of MSFC, using Rank Bros, 
electrophoresis microscope with circular chamber. 

The several questions that arose in the course of this study were answered 
3.3 follows: 

1. Cells that were studied at MDAC had higher mobility, especially those that 
had been stored in D-l buffer at MSFC. 

2. Mobility in D-l is consistently higher than in A-l, but only bo 0.1 - 0.2 
unit. 

3. Mobililties measured in saline in all laboratories are correct. 

4. The lowest mobilities meeasured were 2.31 and 2.35; these were made in D-l 
without DMS0, in the Cytopherometer and Pen Kem, respectively. 

5. Using higher current did not increase mobility. 

6. The range of reliable mobilities (3/82) of formalin-fixed human erythrocytes 
is 2.54 - 2.79. 

7. Deriving mobililties from whole velocity parabolas does not increase 
measured mobility. If anything, parabola mobilities are about 0.1 - 0.2 
unit less that mobilities derived from stationary-plan-only measurements. 

8. Glut araldehyde- fixed cells do not have higher mobility than formalin- 
fixed cells. 

Another method used in the course of the research was density gradient 
electrophoresis, using the same fixed cells as standards. So that this work 
could be related to the microgravity studies, absolute mobility measurements 
were also made in C-l buffer (Table 3 and 4) and verified using the Pen Kem 
3000 Automated Electrokinetic analyser, using glut araldehyde fixed rat 
erythrocytes rather than human (Figure 2). 

Conductivity and temperature of the column buffers in the EEVT were not 
exactly as planned, so post-flight analysis depended upon understanding the 


12-3 



effects of changing the concentration (and hence ionic strength, conductivity, 
viscosity, etc.) of D-l buffer. The dependence of mobility on ionic strength 
is well known (Heard and Seaman, 1960), The buffers used in evaluating the 
ionic strength dependence of RBC mobility using the Cytopherometer are listed 
in table 7, and a graph of EPM vs. ionic strength is given as Figure 4. An 
example of the study of the effect of temperature using the Cytopherometer is 
given in Figure 5, in which complete velocity parabolas are presented at two 
temperatures in D-l buffer. A series of such experiments was conducted and the 
final results are presented in Table 8, where EPM as a function of both 
temperature and buffer concentration is given. 



Table 2. Composition of buffer C-2 used in density gradient electrophoresis 


systems. 




COMPONENT 

GRAMS /LITER 

M0LEC, WT. 

MILLIMOLARITY 

KC1 

MgCl 2 *6H 2 0 

Na 2 HP0 4 

KH 2 p 0 4 

Glucose 

Sucrose 

0.2 

0.1 

0.48 

0.84 

10 

68 

74.55 

203.23 

141.98 

136.09 

180.16 

342.3 

2.68 

0.49 

3.38 

6.17 

5.55 

198.7 


Conductivity (mmho/cm) 
Viscosity (cP) 


0.87 

1.10 




Table 1. Compositions of Buffers Used in Microscopic Electrophoresis of Cells Prepared From 
Monolayer Cultures. 


CONCENTRATIONS. MILLIMOLES/LITER 


Buffer Name 


NaCl 

KC1 

KH 2 P0i* 

Standard Saline 

0 

145.0 

0 

0 

.12 

0.48 

89.7 

2.65 

1.47 

.09 

0.48 

59.8 

2.65 

1.47 

.06 

0.48 

29.9 

2.65 

1.47 

.03 

0.48 

0 

2.65 

1.47 

1 mM Phosphate 

0.48 

0 

2.65 

0.15 

Josefowicz 

i 


13.0 


[10 mM 

X 

30 Sellgmans + 
0.61 mM NaAc 

0 

4.36 

.089 

.0245 

D-l 

0 

6.42 

0 

0.367 

A-l + .336 mM 
EDTA + 5% glycerol 

0 

6.42 

0 

0.367 

(A-l) + 5% DMS0 (D-l) 





Na 2 HPO 4 

Glucose 

Sucrose 

NaHCO 3 

111 

mmho 
K cm 

0 

0 

0 

0.30 

0.145 

12.5 

8.10 

55.5 

19.9 

0 

0.120 

9.2 

8.10 

55.5 

80.1 

0 

0.090 

6.8 

8.10 

55.5 

14.0 

0 

0.060 

4.2 

8.10 

55.5 

199 

0 

0.030 

1.5 

0.81 

55.5 

199 

0 

0.015 

0.5 

Trisl 

290 (sorbitol) 


0.015 

M.5 

.0175 

0.185 

280 

0.28 

0.005 


1.76 

222 

0 

0 

0.015 

0.9 

1.76 

222 

0 

0 
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Table 3 

List of fixed human RBC mobilities from individual experiments, 
corrected to viscosity of water at 25°C» 


MOBILITY 

BUFFER 

DATE 

SPECIAL CONDITIONS 

2.74 

+ 

0.12 

D-l from MDAC 

3/4/82 

Sent in formalin-saline 

2.83 

+ 

0.13 

D-l made at PSU 

3/4/82 

Sent in formalin- saline 

2.31 

+ 

0.18 

D-l without DMS0 

10/7/81 


1.99 

+ 

0.11 

C-l (172 « 0.030) 

7/28/81 


2.76 

+ 

0.18 

D-l 

7/15/81 


3.02 

+ 

0.20 

D-l 

6/30/81 


1.76 

+ 

0.13 

C-l (172 * 0.030) 

5/20/81 


1.69 

+ 

0.11 

C-l (r/2 = 0.030) 

4/14/81 


1.47 


0.12 

C-l (r/2 * 0.030) 

3/20/81 


3.05 

+ 

0.09 

D-l 

11/12/80 


2.05 

+ 

0.11 

D-l made at MSFC 

10/23/81 

'Me as. at MSFC 

2.40 

+ 

0.30 

D-l 

8/21/81 

Pen-Kem, 0059 

2.35 

+ 

0.15 

D-l without DMS0 

8/21/81 

Pen-Kem 0057 

1.76 

+ 

0.12 

C-2 (r/2 = 0.015) 

8/21/81 

Pen-Kem 0063 

2.76 

+ 

0.16 

D-l without DMS0 

3/10/82 

Seaman-MSFC cells (7/20/81) 

2.67 

+ 

0.11 

D-l 

3/10/82 


2.54 

± 

0.15 

A-l 

3/10/82 


2.70 

+ 

0.14 

D-l 

3/12/82 

I 3 0.5 eA 

2.64 

+ 

0.17 

D-l 

3/12/82 

I * 0.9 mA 

2.78 

+ 

0.13 

D-l 

3/12/82 

I =i 0.5 mA, Front S. P. 

1.35 

+ 

0.06 

0.145 MNaCl, 10~ 4 MNaHC0 3 

3/12/82 

Front S. P. meas. only 

1.24 


0.06 

0.145 MNaCl, 10~ 4 MNaHC0 3 

3/12/82 

Parabola 

2.79 

•i* 

0.13 

D-l 

3/12/82 

F.S.P. only, after saline 

2.59 

+ 

0.15 

D-l 

3/12/82 

Parabola 

1.10 

± 

0.08 

0. 1 45 MNaCl, Kf 4 MNaHC0 3 

3/14/82 

Seaman-formald 7/20/81 

1.02 

+ 

0.08 

0.145 MNaCl, 10“ 4 MNaHC0 3 

3/14/82 

PSU Glut. 10/23/80 cells 

1.13 

± 

0.07 

0.145 MNaCl, 10 4 MNaHC0 3 

3/14/82 

pH 6.9 

1.28 

+ 

0.07 

0.145 MNaCl, 10 _4 MNaHC0 3 

3/14/82 

pH 9.1 

1.10 

+ 

0.08 

0.145 MNaCl, 10l 4 MNaHCO 3 

8/21/81 

Pen-Kem 0055 Rat RBC 

1.10 

•f 

0.08 

0.145 MNaCl, 10 4 MNaHC0 3 

8/21/81 

Pen-Kem 0053 Rat (repeat) 

2.65 

+ 

0.15 

D-l 

3/15/82 

Pool of 274 cells, 4 runs 
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Table 4 

Lise of fixed rabbit erythrocyte mobilities from individual 
experiments, corrected to viscosity of water at 25°C 




MOBILITY 


BUFFER 


DATE CONDITIONS 


0.93 

+ 

0.28 

C-l 

4/11/73 

1.08 

+ 

0.07 

(172 = 0.0299) 

6/30/80 

1.47 

+ 

0.14 

C-l 

7/3/80 

0.51 


0.07 

0.145 

7/8/80 

0.79 

+ 

0.03 

FBG-sucrose-NaCl (0.090) 

7/9/30 

2.11 

+ 

0.09 

B-3 (1/ 2-0. 007) 

7/14/80 

2.50 


0.18 

B-2/5% Ficoll (0.0299) 

7/16/80 

3.35 

+ 

0. 34 

B-2/10% Ficoll (0.0299) 

7/16/80 

2.83 

+ 

0.27 

B-2/7.5% Ficoll (0.0299) 

7/23/80 

1.91 

+ 

0.15 

B-2/2.5% Ficoll (0.0299) 

7/25/80 

3.51 

+ 

0.28 

PBG-Sucr. /12 .5% Ficoll (0.0299) 

7/28/80 

0.82 

+ 

0.06 

PBG-Sucr . NaCl (T/2 = 0.060) 

7/29/80 

0.63 

± 

0.09 

PBG-Sucr. NaCl 072 =» 0.120) 

8/30/80 

0.98 

+ 

0.07 

PBG-Sucr. NaCl (T/ 2 - 0.060) 

8/25/80 

1.29 

+ 

0.09 

C-l 

10/15/80 

1.47 

+ 

0.11 

C-l 

12/9/30 

1.82 

+ 

0.11 

PBG Suer. Ficoll 2.5% (0.030) 

12/9/80 

2.30 

+ 

0.15 

5.0% 


2.70 

+ 

0.17 

7.5% 


3.25 

+ 

0.20 

10% 


3.63 

+ 

0.31 

12.5% 


2.18 

± 

0.11 

D-l (172 = 0.015) 

2/20/81 

0.96 

+ 

0.09 

C-l (0.030) 

5/20/81 

1.62 

+ 

0.12 

D-l 

6/19/81 

1.89 

+ 

0.13 

D-l 

6/30/81 

1.22 

+ 

0.11 

C-l (0.030) 

9/21/81 

1.41 

+ 

0.12 

C-l Ficoll 2.5% 

9/21/81 

1.53 

+ 

0.13 

5.0% 


1.70 

+ 

0.18 

C-l Ficoll 7.5% 


1.80 


0.20 

C-l Ficoll 10.0% 


0.30 

+ 

0.05 

0.145 


0.35 

+ 

0.10 

0.145 





Pen Kem 0055 

Pen Kem 0053 (repea 


S' 





r \ 


Table 5 Human RBC mobilities 




corrected 

to the viscosity 

of water at 

25 °C 


BUFFER 


MOBILITY 

DATE 

CONDITIONS 

D-l, 

no DMSO 


2.31 

± °- 13 

10/7/81 


D— 1 , 

no DMSO 


2.35 

+ 0.15 

8/1/31 

Pen-Kem 3000 

D-l, 

no DMSO 


2. 76 

± °- 16 

3/10/82 

Seaman cells from MSFC 

D-l 



2.67 

± 0- 11 

3/10/82 

Seaman cells from MSFC 

A-l 



2.54 

+ 0.15 

3/10/82- 

Seaman cells from MSFC 

D-l 



2.59 

± 0.15 

3/12/82 

Complete parabola (usual) 

0.145 

NaCl, 10“ 4 

NaECO 3 

1.10 

+ 0.08 

3/14/82 

Seaman formald. 7/20/81 

0.145 

NaCl, 10“ 14 

NaECO 3 

1.02 

+ 0.08 

3/14/82 

PSU glut. 10/23/80 

0.145 

NaCl, 10" 4 

NaHC0 3 

1.13 

+ 0.07 

3/14/82 

pH 6.9 

0.145 

NaCl, 10" 4 

NaHC0 3 

1.23 

± 0.07 

3/14/82 

pH 9.1 

D-l 



2.65 

+ 0.15 

3/15/82 

Pool of 274 cells, 4 runs 



Table 6 

Rabbit RBC 

mobilities 



corrected to the viscosity of water at 25 °C 


BUFFER 

MOBILITIES 

DATE 

CONDITIONS 

D-l 

1.62 + 0.12 

6/19/31 


D-l 

1.89 + 0.13 

6/30/81 


0.145 NaCl, 10" 4 NaHC0 3 

0.51 + 0.07 

7/8/80 
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Table 7 

Conductivity, K (mmho/cm), and ionic strength, 17 2 (M) , for buffers used to 
determine cell mobilities, concentrated D-l buffer, and flight column buffers. 


MEDIUM 

r/2 

K(25°C) 

D-l 

0.015 

0.95 

C-l 

0.030 

1.5 

C-2 

0.015 

0.5 

0.145 

0.145 

12.5 

B-3 

0.007 


B-3 ' 

0.060 

4.2 

B-3" 

0.120 

9.2 

2XD-1 

0.030 

1.52 

1.5XD-1 

0.0225 

1.29 

1.25XD-1 

0.0165 

1.03 

1.0XD-1 

0.015 

0.97 

019 

0.0237 

1.306 

049 

0.0190 

1.142 


Table 8. Temperature dependence of the electrophoretic mobility of 
glutaraldehyde-fixed human erythrocytes as a function of 
temperature in D-l and 1.25 concentrated D-l buffer, corrected 
for H 2 0 at 25°C . 

ELECTROPHORETIC MOBILITY 

TEMPERATURE uni— cm/V— sec 


°C 

IN 


D-l 

IN 1.25 

x D-l 

12.0 

2.41 

+ 

0.31 

2.41 t 

0.18 

14.0 

2.76 

+ 

0.21 

2.52 t 

0.30 

20.0 

2.59 


0.26 

2.45 ± 

0.26 

25.0 

2.70 


0.27 

2.62 ± 

0.36 


NUMBER OF CELLS 


«u 


3C 



■ Figure^. Electrophoretic mobility distributions of f orma 1 dehy de- f i ted rabbit 

C and human erythrocytes in D-l buffer as determined using Marshall Space Flight 

> Center's Rank microscopic electrophoresis apparatus by measuring velocities at 

; the stationary position in a cylindrical chamber at 25 C. 





RELATIVE INTENSITY 


RABBIT 

RBC 


MOBILITY, /j.M - CM / V-SEC 

Figure 2. Electrophoretic mobility distribution of glutaraldehyde- 
fixed rat and rabbil erythrocytes mixed together in equal 
concentrations in C-l buffer, measured using the Pen Kem 
"SOOO" automated laser light-scattering electrokinetic 
analyzer. 




APPARENT MOBILITY, /iM-CM/V-SEC 



Figure 4-. Electrophoretic mobility of fixed human, rat, and rabbit 
erythrocytes as a function of ionic strength in various buffers (Table lt> 
using pre-eiisting laboratory data. 



Figure 5, Mobility parabolas for glutaraldehyde- fixed human erythrocytes 
in D-l buffer (1.0X) at two temperatures. 
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INTRODUCTION 

A variety of proteolytic and mucolytic enzymes, mechanical procedures, 
and changes in the ionic environment, especially Ca ++ chelation, have been 
routinely used for dispersal of monolayer-grown cells. If either chelating 
agens or mechanical dispersion are used alone, the cell yield is often low and 
suspensions of single cells are difficult to obtain. Confluent monolayers 
treated with EDTA tend to be released from their surfaces in sheets, and 
r.lumpts of cells remain even after further incubation in EDTA (Snow and Allen, 
1967). Crude trypsin is the most popular dispersal agent and is known to 
contain a variety of contaminating enzymes (Rinaldini, 1958; Waymouth, 1974; 
Pine et al., 1969) which may contribute in many cases to the dispersal of 
cells (Pine et al., 1969). Reports of a variety of cell Injuries resulting 
from the activity of proteolytic enzymes have appeared. These include adverse 
effects O'., cellular metabolism and viability (Berry et al. , Gunther et al ., 
Rebb and Chu, Weiss, 1958; Malucci, Konigsberg, Edwards, et_ al . , Kellner et 
al. ) as well as specific injury to the cell surface (Seaifecta, Lehmkuhlod, 
Haltzer et al.) Snow and Allen ( ) have reported the release of 

macromolecules containing bound amino sugars from cells in tissue culture 
after harvesting with crude trypsin. Crystalline trypsin, and EDTA. Further, 
crystalline trypsin was shown to be least harmful to cell integrity as judged 
by trypan blue uptake. 

There is considerable evidence that both crude trypsin and crystalline 
trypsin treatment removes surface sialoglycopeptldes from monolayer grown 
celsl (Snow and Allen, 1967; Shen and Ginsburg, 1969; Vogel, 1978) ascites 
tumor cells (Langley and Ambrose, 1964, 1967; Gasic and Gasic, 1962 a and b, 
Codington, 1970) and human (Cook et^ al . , 1960) and beef erythrocytes (Walter 
et al. , 1972). It is noteworthy that Cook et_ al. , 1962) found no release of 
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sialic acids from Ehrlich ascites tumor cells after treatment with crude 
trypsin. EDTA treatment, however, does not release surface sialic acids from 
cells in tissue culture (Snow and Allen, 1970; Vogel, 1978) but is expected to 
remove calcium from the cell periphery (Weiss, 1967) (Borle, 1966). 

Crude trypsin preparations from different sources are know to vary 
markedly in their compsoition with regard to contaminating enzyme activities 
(Speicher, 1977). A number of studies have Investigated the effects of 
proteolytic enzymes and chelating agents on the e.p.m. of mammalian cells 
(Seaman and Ulntlerbreck , 1963; Tenforde, 1979; Hayry et al., 1965; Fike and 
van Oss, 1976; Brent and Forrester, 1967; Ponder, 1951; Seaman and Heard, 

1960; Thompson et_ al. , 1978; Thompson 1977; Molito 1977; Weiss 1966; Woo and 
Cater, 1972), 

Crystalline trypsin has been shown to reduce the e.p.m. of human red blood 
cells by approximately 30% when measured in physiological saline (Seaman and 
Uhlenbruck, 1962, 1963; Ponder, 1951). Appreciable reduction in e.p.m. has 
also been observed in chimpanzee and dog erythrocytes whereas those of hose, 
ox, pig and sheep exhibited small decrements or no change (Seaman and 
Uhlenbruch, 1962, 1963). 

In the case of monolayer cultures, adequate controls are difficult to 
achieve. Adherent cell types which also grow in suspension have been 
investigated by Brent and Forrester (1967) and by Fike and van Oss (1976). The 
former group concluded that EDTA dispersal of Hela cells probably does not 
affect the e.p.m. when measured at physiological ionic strength. Likewise, no 
significant change In the e.p.m. of RPMI 1846 cells after EDTA treatment was 
observed by Fike and van Oss (1976). These authors reported that crude 
trypsin, however, caused a significant increase in zeta potential and identical 
mobilities were reported for the treated suspension cells and for the trypsin 
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dispersed monolayer cells. A low ionic strength buffer (0.015 g.ions/1) was 
used in this work. 

The effects of trypsin and EDTA dispersal on the e.p.m. of 
anchorage-dependent cells have generally been considered in comparison with a 
mechanical dispersal technique. Hayry ^t al . (1965) reported that the e.p.m. 
of Hela cells in physiological saline was reduced significantly after 
disaggregation with trypsin when compared with the mobility of mechanically 
dispersed cells which was similar to that obtained by EDTA dispersal. 
Siraon-Reuss (1964) also compared the effects of scraping and crude trypsin 
dispersal on a variety of primary and continuous cell types. Mobility 
measurements in standard saline could not detect any significant differences 
between the two treatments. A novel approach was adopted by Fike and Van Oss 
(1976) who determined the zeta-potentlal of intact cell monlayers by measuring 
the electro-osmotic flow velocity in their capillary chamber on the inner 
surface of which a confluent layer of cells was present. Their results 
indicated that both EDTA and mechanical scraping caused no significant change 
in zeta potential but that trypsin dispersal resulted in an aprpeclable 
decrease in the two cell types examined. 

In the present work, the effects on zeta potential of EDTA dissociation of 
monolayer cultures was compared with the effects of detachment by exposure to 
hypotonic medium followed by mechanical agitation. Gaffney and McElwain (19) 
had used briefe expsoure to hypotonic salt solution to selectively detach 
mitotic cells from monolayers. In our lab, all cultures were routinely 
subcultivated approximately 24 hours prior to harvesting so that subconfluent 
monolayers only were dispersed. This protocol enabled single cell suspensions 
to be obtained by EDTA treatment. In all the adherent cell cyptes examined 
crude trypsin dispersal resulted in signficantly decreased zeta potentials when 
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compared with dispersal by EDTA. This was true for low and intermediate values 
of buffer ionic strength as well as for physiological saline. Identical valuej 
of e.p.m. were invariably obtained after harvesting by trypsin compared with 
i rypsin-EDTA. Two lines of evidence thus show that trypsin, not EDTA, modifies 
the charge composition of the cell periphery. In Chinese hamster ceil lines, 
the hyptonic medium removal method resulted in lower e.p.m. than that obtained 
for EDTA dispersal. Trypsan blue viability measurements indicated that the 
former method was more damaging to cellular integrity. EDTA and hypotonic 
medium dissociation of T-1E cells, however, resulted in similar mobility 
readings. After maintenance in spinner culture, following trypsin dispersal 
the e.p.m. was significantly higher than that of the EDTA dispersed cells. The 
effect of EDTA treatment on the spinner-maintained cells has not been 
inves tigated . 

Measurements of e.p.m. provide an indixe of net surface charge density at 
the hydrodynamic slip plane of a cell (Briton and Lauffer, 1958). All studies 
ot date have shown that the vertebrate cell surface exhibits a neagative seta 
potential. Sialic acid groups hs”e been implicated as an important determinant 
of this negative chari.e in many cell types (Seaman and Heard, 1960; Cook, 

Heard and Seaman, 1961; Waliach and Eyler, 1961; Forrester, Ambrose and 
MacPherson, 1962). The contribution from other anionic groups in the cell 
periphery will vary according to cell type and conditions of measurement. "The 
further away from the elect rokinetic surface of a cell an ionized group is, the 
less will be its projected contribution at the plane of the zeta potential." 
Lowering the ionic strength of the buffer in which electrophoretic mobility 
determinations are made results in extension of the Debyi shielding distance 
which means that the net surface charge density measured is averged over a 
greater depth of the cell periphery (Seaman and Heart, 1960). 
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After incubation with trypsin-EDTA, the e.p.m. of the mouse lymphoma cells 
at intermediate ionic strength (0.03) was significantly higher than that of 
untreated cells. EDTA treatment had no appreciable effect on the e.p.m, of 
control cells. Weiss (1967) has remarked that this latter result could 
indicate that either the majority of the chelated calcium is bound to anionic 
groups in the glycocalyz whicha re appreciably deeper than 20A from the 
hydrodynamic shear plane, or univalent cations readily mask any superficial 
anionic sites revealed by calcium removal. Woo and Cater (1972) demonstrated 
that incubation of hepatoma ascites cells with trypsin. resulted in a 22% 
reduction of mobility. Weiss 91966) found, however, no significant change in 
the mobility of murine sacroma 37 ascites cells after incubation with 
crystalline trypsin. Both these studies used physiological ionic strength 
buffers. Weiss (1967) has also observed the effect of EDTA incubation on the 
mobility of murine sarcoma cells and found no detectable change. 

This study was undertaken to assess the effects of trypsin and EDTA 
dissociation on cellular electrophoretic mobility and viability in view of the 
importance of maintaining cell integrity and electrophoretic heterogeneity for 
preparative electrophoresis experiments. Primary human embryonic kidney 
cultures used in this work possess morphologically distinguishable 
subpopulations which may well be separable eiectrohoreticaliy ; as has been 
achieved for rabbit kidney cortex cells by Heidrich and Dew (1977) and 
Vandewalle at al. (1982). Although no consistent reduction in electrophoretic 
heterogeneity following trypsin treatment as compared with other treatments was 
observed in the present work, the greater surface charge alterations seen 
following trypsin dispersal could yet be detrimental to separation. The 
variability of different trypsin batches in enzyme composition and activity 
(Speicher) also may affect reproducibility of a separation protocol based on 
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surface charge differences. The apparently less severe effect of EDTA 
dispersal on the electrokinetic surface needs to be considered along with the 
reduced viability sometimes seen following this treatment. 


MATERIALS AND METHODS 

The electrophoresis buffer composition is given in Table 1. Cells were 
removed from subconfluent cultures by incubation in 0.37% EDTA in Puck's 
saline A (composition given in Table 2) or the same solution with 0.03% crude 
trypsin added. Cells were centrifuged out of these solutions and washed and 
resuspended in D-l buffer for electroporesis. The Zeiss Cy topheroraeter with 
Cam-Apparatus electrodes was used to obtain mobility hisotgrams from the 
analysis of the complete cell flow parabola. 


RESULTS 

A parabola giving cell velocity vs. chamber depth is shown in Fig. 1., and 
the mobility histograms are shown in Fig. 2. Due to the small number of cells 
available for measurement in the chamber there is no statistically significant 
difference between the histogram obtained with cells dispersed with trypsin and 
EDTA and that for cells dispersed with EDTA only. In any case, trypsin 
treatment did not reduce the electrophoretic mobilities. 

The combination of cell dispersal with EDTA and suspensions in D-l buffer 
still does not lead to fully satisfactory viability. Table 4 summarizes the 
results of a preliminary experiment designed to test the ability of D-l buffer 
on its own to disperse cells. This experiments was based on a recently- 
announced finding that DMSO at 10% concentration disaggregates actin-containing 
microfilaments in epithelioid cells in culture. The results Indicate that D-l 
buffer does disperse cells, but that it might selectively suspend cells with 
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low viabiity, since the traditional method employing EDTA in Puck’s saline A 
led to much higher viability, as measured by percent attachment in 24 hours. 
Variant of this experiment are to be performed in the near future. 


Table 1. Composition of D-l Buffer, Low Ionic Strength Medium for Cell 
Freezing and Electrophoresis. 


COMPONENT 

GRAMS /LITRE 

MOLARITY 

NaCl 

0.380 

0.00642 

Na 2 HP 04 

0.167 

0,00176 

KH 2 PO 4 

0.050 

0.000367 

Na 2 EDTA 

0.125 

0.000336 

Glucose 

40.0 

0.222 

DMSO 

50.0 

0.64 


■ l 




i 


ri 
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Table 2 


Composition of Puck's Saline A, Used as the Medium for Cell 
Dispersing AGents Trypsin and EDTA 


COMPONENT 

g/j. 

NaCi 

8.00 

KC2 

0.40 

NaHC0 3 

0.35 

Na 2 HP 04 • 7H 2 0 

0.09 

KH 2 po 4 

0.06 

Na 2 EDTA 

0.20 

Glucose 

1.00 

Phenol red 

0.01 


Table 4. Effect of Method of Cell Removal on Viability (attachment in 24 hr) 
of Strain HFK-15 (Passage 5) Cells Plated in BME + 10% Newborn Calf 
Serum (Experiment 1212) 


DISPERSING 

INCUBATION 

% ATTACHED 

DENSITY 

SOLUTION 

TIME, 37°C 

IN 24 HR 

IN 24 HR 

D-l buffer 

10 min 

46 

Sparse 

0.37% EDTA in 
Puck ' s Saline A 

20 min 

35 

Conf luent 


Figure 1. Cell velocity vs. distance from the front wall of the Zeiss 


cycopherometer electrophoresis chamber. Cells are HFK-15, passage 
5, resuspended with 0,03% trypsin and 0.37% EDTA in Puck's saline A 






DEPTH-NOBILITY DATA AND REFERENCE PARABOLA <HFK137> 






NUMBER OF CELLS NUMBER OF CELLS 
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Figure 2. Electrophoretic mobility histograms of H.FK15 cells, passage 5, in 
D-l buffer after suspension in EDTA or EDTA plus trypsin. 



MOBILITY, cm /V- sec 



M0BlLITY,^m - cm/ V-sec 
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PREPARATIVE ELECTROPHORESIS OF CULTURED HUMAN CELLS: 

CYCLE PHASE 

M. E. Kunze, P. Todd, C. Goolsby, and J. T. Walker 

ABSTRACT 

Human epithelioid T-1E cells were cultured in suspension and 
subjected to density gradient electrophoresis upward in a vertical 
column. Three lines of evidence indicated that the most rapidly 
migrating cells were at the beginning of the cell cycle and the most 
slowly migrating cells were at the end of the cell cycle. The most 
rapidly migrating cells divided 24 hr later than the most slowly 
migrating cells. Colonies developing from slowly migrating cells had 
twice as many cells during exponential growth as did the most rapidly 
migrating cells, and the numbers of cells per colony at any time was 
inversely related to the electrophoretic migration rate. DNA measure- 
ments by fluorescence flow cytometry indicated that the most slowly 
migrating cell populations were enriched in cells that had twice as 
much DNA as the most rapidly migrating cells. It is concluded that 
electrophoretic mobility of these cultured human cells declines 
steadily through the cell cycle and that the mobility is lowest at 
the end of G 2 phase and highest at the beginning of G-^ phase. 

INTRODUCTION 

Changes in cell shape (1'. , surface interactions (2), and surface 
composition (3) through the cell cycle imply that significant cell surface 
modifications occur. Presumably some aspects of these surface modifications 
are manifested in the form of surface charge density changes that are 
detectable by cell electrophoresis. The electrophoresis of synchronized 
cells requires large numbers of narrowly-synchronous cells in suspension 
with undamaged surfaces. Such cell populations are extremely difficult 
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to obtain. An early attempt at synchronous cell electrophoresis was made 
by Brent and Forrester (4) who collected mitotically detached HeLa cells 
fpom mitofically-enriched (5) populations in monolayer culture. The 
mitotically-collected cells had a much higher electrophoretic mobility 
(EPM) than did asynchronous cells growing in suspension (see Table 1). 
Subsequent cultivation of asynchronous cells in suspension led to a de- 
crease in EPM, which rose again at the time of the next synchronous 
mitosis. These experiment? were performed by microscopic electrophoresis 
at ionic strength approximately 0.16 M. 

Nearly all other experiments on the EPM of synchronous cells have 
been performed using suspension-grown cells. Mayhew and O'Grady partially 
synchronized RPMI 41 sarcoma cells by double thymidine block and measured 
EPM as a function of time. A mitotic peak occurred 14-17 hr (15% mitotic 
cells) after thymidine release, and at this time EPM was highest, about 
-1,3 pm-em/V-sec (see Table 1). During DNA synthesis cells had mobilities 
similar to or lower than asynchronous cells. After cell division the 
mobility fell sharply (6,7) and appeared to rise again around G 2 or the 
next mitosis. Neuraminidase- treatment of double-thymidine and cold-shock 
synchronized cells eliminated the cyclic variation of EPM (7). Shank and 
Burki (8) reported that the EPM of Lol78Y mouse lymphoma cells synchronized 
in suspension by sequential thymidine and eolcemic blockades did not change 
through the cell cycle (see Table 1). They suggested that cells that are 
normally non-adherent have no need to change surface features through the 
cell cycle, so EPM may also be expected to remain constant. However, 
Gersten and Bosmann (9) studied the same cells with the same synchronizing 
procedure but measured EPM at much lower ionic strength and found that 
EPM fell from a maximum of -2.0 during phase to a constant value of 
about -1.7 during S phase and rose again at the next cell division. 
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Despite rather substantial differences in the cell systems studied 
to date, it is possible to discern a mild concensus in the findings. 

EPM is highest at one or both ends of the cell cycle. By examining the 
published data it can be seen that EPM is definitely high at the very 
beginning of the cell cycle (early 6^), but it is less certain that 
EPM is high at the end of the cycle, since all experiments reported to 
date report measurements made after considerable desynchronization and 
hence in the presence of early G-^ cells. All cell synchronizations were 
also accomplished by the use of abnormal metabolic conditions, such as 
excess thymidine S-phase blockade, colceraid M-phase blockade, and 
coid shock. 

In view of the above state of affairs and our own research objectives, 
the study of radiation effects on EPM, a series of experiments was under- 
taken to determine whether human T-1E cells experienced modulation of EPM 
throgh the cell cycle, whether cyclic changes in EPM occur in the absence 
of metabolic synchronization, and, if so, whether EPM is high at both or 
only one end of the cell cycle. To achieve these objectives, asynchronous 
T-1E cells were grown in suspension without metabolic synchronization 
and subjected to preparative density gradient electrophoresis, subsequent 
to which individual electrophoretic subpopulations of cells were subjected 
to DNA distribution analysis by fluorescence flow cytometry. or growth 
analysis to determine position in the cycle following electrophoresis. 

MATERIALS AND METHODS 

Human T-1E cells were maintained as monolayer cultures in Eagle's 
Minimum Essential Medium according to routines previously described (10). 

In preparation for experiments, suspensions were prepared using 0.03% 
crude trypsin in Puck's Saline A, and cells were diluted to 3 x 10^ /ml 
in complete medium and transferred to spinner flasks for cultivation in 
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24 hr. These asynchronous cells were centrifuged out of the complete 
medium and resuspended in electrophoresis buffer (11) for electrophoretic 
separation at low (0.030 M) ionic strength in a Ficoll gradient (11). 
After electrophoresis for approximately 2.5 hr at 19 mA, cells were 
collected, usually under sterile conditions, -n fractions pumped out 
the top of the column. In some instances cells were then cultured in 
monolayers for growth or colony formation measurements, and in some in- 
stances cells were fixed and stained for flow cytometry (12). Growth 
curves were determined by periodic counting of the number of ceils in 
each of about 100 colonies by phase contrast microscopy as a function 
of time after plating cells in 60 mm culture dishes, as previously 
described (13). 


RESULTS ‘ 


When human T-lg cells were subjected to density gradient electro- 
phoresis and collected in 3-drop fractions (high resolution) the 
electrophoretic profile given in Figure 1 was found. The circles indicate 
the number of visible colonies forme*.', in each culture prepared from the 
individual fractions by collecting three drops of column effluent directly 
in 60 mm culture dishes with 5.0 ml of complete medium. The plotted dots 
represent the ratio of colonies formed to cells per unit area in the 
starting culture prepared from each fraction. The electrophoretic profile 
is a broad double- or triple-peaked distribution, but there is not clear 
trend in plating efficiency vs . fraction number. When selected fractions 
were examined microscopically for the determination of average number of 
cells per colony it was found that the rapidly migrating fractions (40-50) 
had fewer cells per colony than did slowly migrating fractions (60-68) during 
logarithmic phase growth (65.5 hr after plating). Furthermore, the number of 
cells per colony at this stage increased with fraction number in a regular 
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fashion between fractions 50 and 60. In other words, more slowly 
migrating cells gave rise to larger colonies. These results are seen in 
Figure 2. The slowly-migrating cells could give rise to more rapidly 
growing colonies or colonies that enter logarithmic growth sooner. The 
complete growth curves of selected fractions, given in Figure 3, indicate 
that the growth rates do not differ significantly, but the growth curve 
of the most slowly migrating fraction (dots) leads the growth curve of 
the most rapidly migrating fraction (circles) by as much as 18 hr. 

The more accurate growth curves from a lower-resolution electrophoresis 

* 

experiment, given in Figure 4, confirm this finding. Cells from slowly- 
migrating fractions multiply sooner, but not faster, than cells from 
rap idly -migrating electrophoretic fractions. 

Growth curves of asynchronous T-1E cells determined by counting 
cells per colony can be analysed to show that large colonies correspond 
to cells plated in the later part of the cycle (63 phase, for example), 
and small colonies correspond to cells plated in the G^ phase. Thus 
Figure 5 shows that the growth curve for the 20% largest colonies in a 
population starts with a delay of 0-2 hr, and the growth curve for the 
20% smallest colonies in a population starts with a delay of 19-23 hr 
(about one cycle time). The smallest colonies started growth with a 
division delay of about 1 cycle, implying that they had to pass through 
nearly a full cycle before dividing. It is deduced from this type of 
analysis that, in normal cultures, large colonies correspond to single 
cells plated in G ^ phase, and small colonies correspond to cells plated in 
early G^ phase. This principle was applied to growth curves of cells from 
specific fractions distributed throughout the high-resolution electrophoretic 
profile shown in Figure 6 , and it can be seen in Figure 7 that the most 
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rapidly migrating cells were the last to divide (fraction 15), while the 
most slowly migrating cells divided first (fraction 33). 

In a similar series of experiments growth curves were determined 
with greater time resolution during the first two cell cycles after 
electrophoresis, and Figure 8 shows that evidence for synchronous waves 
of division exist and that they occur at different times in cells from 
different electrophoretic fractions; in slowly migrating fractions they 
occur before they do in rapidly migrating fractions. 

When collected fractions were subjected to DNA analysis by flow 
cytometry it was found that rapidly migrating fractions (high apparent 
mobility fractions in Figure 9) were nearly devoid of G 2 cells and very 
low in S cells, but slowly-migrating fractions (G.5 - 0.6 apparent mobility 
units in Figure 9) were enriched in G 2 cells. These differences are seen 
more dearly in Figure 10, in which fractions 16 (high mobility) and 22 
(low mobility) are compared on the same scale. 

To determine whether or not this finding of electrophoretic enrich- 
ment of cells in specific phases of the cell cycle applies to other cell 
types, experiments were also performed in which mouse lymphoma L5178Y cells 
were grown in logarithmic phase in Fischer's medium (14) with 10% newborn 
calf serum, subjected to density gradient electrophoresis, and analysed 
for DNA content by flow cytome-ry. In complete analogy with Figure 10 
for T-1E cells, these cells also shown electrophoretic enhancement of 

cells in rapidly migrating fractions and of G 2 cells in slowly migrating 


fractions . 
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DISCUSSION 

The migration rate of cells in density gradient electrophoresis 
depends upon their position in the cell cycle, and rapidly migrating 
fractions are clearly enriched in early G^ cells, while slowly migrating 
fractions are enriched in G 2 cells. Preliminary evidence indicates that 
this principle applies to more than one cell type. The results of the 
density-gradient electrophoretic studies are consistent with the hypothesis 
that EPM is highest at the beginning of the cell cycle, as shown in 
several previous reports (4, 6, 7, 9). Published results, strictly inter- 
preted, do not indicate a rise in EPM during phase, and the present 
results are consistent with lowest EPM occurring at G 2 phase. 

Density-gradient electrophoresis differs from microscopic analytical 
electrophoresis in many ways, including the necessity to use low ionic 
strength buffers and the presence of the sedimentation component in the 
cell migration velocity. Although provisions are made for the gradient 
to be very close to neutral buoancy throughout the separation process, it 
is possible that sedimentation plays a significant role cell separation by 
this method, and this possibility is under continuing investigation. 
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Table 1. Summary of published experiments in which EPM was measured 
on synchronized cultured mammalian cells. 


ill Type 

Conditions 

Buffer 

Mobility 

Ref 

He La 

Asynchronous, suspension 

0.146 M NaCl 
0.01 M P0 4 

-0.98+0.06 

(4) 


Asynchronous, EDTA from monolayer 
Synchronous, mitotic 
Synchronous, mitotic, EDTA-treated 

0.01 M P0 4 
0.01 M P0 4 
0.01 M P0 4 

-1.06+0.10 

-1.41+0.11 

-1.36+0.10 

(4) 

(4) 

(4) 

RPMI 41 

Asynchronous 

50% BBSS 
+ 5% sucrose 

-1.05+p.02 

(6) 


Mitotic (15% in M) 

50% HBSS 
+ 5% sucrose 

-1.29+0.03 

(6) 

L5178Y 

Synchronized or asynchronous, 
throughout cycle 

M/15 P0 4 

< 

-1.12 

(8) 

L5178Y 

Mitosis and early Gi phase 

.1145 M NaCl 
0.6 mM NaHCOs 
4.5% sorbitol 

-2.0 

(9) 


S-phase 

4.5% sorbitol 

-1.7 

(9) 
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HR. AFTER SEPARATION, 37°C 

Figure 3. Growth curves determined in cultures obtained from selected 

fractions from the electrophoretic separation experiment des- 
cribed in Figure 1. Dots correspond to slowly migrating cells, 
and circles correspond to rapidly migrating cells. T 2 - doubling 
t ime in hr . 
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Figure 1. Electrophoretic profile of colony- forming T-1E cells (circles) 

collected from the density gradient electrophoresis column. Dots 
show relative values of colonies formed per cell per unit area in 
initial cultures, and dashed lines mark the standard deviations 
of this relative ratio. Electrophoresis was from right to left, 
so low fraction numbers correspond to rapidly migrating cells, 
and this condition applies to all subsequent figures. 
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Figure 2, Cells per colony 65.5 hr after collection of cells from the 
electrophoretic separation described in Figure 1. With the 
exception of the extremely slow cells, rapidly migrating cells 
had fewer cells per colony that slowly migrating cells. 
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Figure 5. Growth curves of colonies of T-1E cells according to percentile 


0 


colony size. Smaller colonies grow at the same rate but begin 
growth at different times. 






Figure 6. Density gradient electrophoretic separation of human T-1E cells 
at high resolution. Cell numbers were determined by Coulter 
counting, and squares represent the positions of the 5 fractions 
used in the determination of the 5 growth curves of Figure 7. 
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Figure 7. Growth curves of 5 electrophoreticplly separated fractions of 

T-1E ceils (see Figure 6). Cells from all fractions grew at the 
same rate but began growth at different times. 
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Figure 9. Cellular DNA distributions of 9 electrophoretic fractions of 

T-1E cells separated at low resolution. The mobility parameter 
is the uncorrected apparent value and not absolute mobility* 
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Figure 10. Direct comparison of cellular DNA distributions of fractions 
16 and 22 (fast and slow, respectively) from the experiment 
of Figure 9. The slowly migrating fraction is Enriched in, and 
the rapidly migrating fraction is depeleted of, G- ceils. 
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SIZE AND DNA DISTRIBUTIONS OF ELECTROPHORETICALLY SEPARATED CULTURED HUMAN 
KIDNEY CELLS 


E, Kunze, L. D. Flank, and P, Todd 


SUMMARY 


The application of electrophoretic purification to the problem of 
purifying cultured cells according to function presumes that the size of 
cycle-phase of a cell will not be an overriding determinant of its 
electrophoretic velocity in an electrophoretic separator. Experiments were 
therefore performed in which the size distributrions and DNA distributions of 
fractions of cells purified by density gradient eleotrophroesis were 
determined. No systematic dependence of electrophoretic migraction upward in a 
density gradietn column upon either size or DNA content were found. In 
contrast, human leukemia cell populations, which are more uniform with respect 
to function and found in all phases of the cell cycle .during exponential 
growth, separated on a vertical censity gradient electrophroesis column 
according to their size, which is easily shown to be strictly cell-cycle 
dependent. 


RESULTS 


In third-passage cultures of heterogeneous populations of human embryonic 
kidney cells (iIFK-9) the size distributions of various electrophoretic 
fractions suggest that cell size and electrophoretic migration are not related 
in a systematic and significant way. See Figure 1. 

In third-passage cultures of heterogeneous populations of human embryonic 
kidney cells (HFK- ) the DNA distributions of various electrophoretic 
fractions suggest that cell cycle phase and electrophoretic migration are not 
related in a systematic and significant way. See Figure 2. 

In third-passage cultures of homogeneous populations of human B lymphoma 
cells (line "NAN") the DNA distributions of various electrophoretic fractions 
suggest that cell cycle phase and electrophoretic migration, are related in a 
systematic and significant way. In other experiments it was determined that 
the effect of cell size on sedimentation velocity during upt^ard migration is 
responsible for the slower migration of the larger, G2, cells. See Figure 3, 


Figure 1. Coulter volume distributions indicate that there is no 
systematic variation in cell size with electrophoretic 
fraction numoer. Apparently sedimentation is not an 
important factor in the vertical separation of HFK cells. 
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THE SOLE OF CELL SIZE IN DENSITY GT.ABI 
LEUKEMIA CELLS ACCORDING TO POSITION I 


ENT ELECTROFHOl’ETIC 
N THE CELL CYCLE 


SEPARATION OF MOUSE 


Lindsay D. Plank, M. Elaine Kunze, and Paul Todd 

Then cultured nouse leukemia cells, line L5173Y, arc subjected to upward 
electrophoresis in a density gradient, tne note slowly migrating cell 
populations are drastically enriched in 02 cells. Figure 1. As published data 
indicate that this cell line does not change electrophoretic nobility through 
the cell cycle the possibility that increased sedimentation downward on the 
part of the larger 02 cells caused this separation, was explored. 

Khen two different cell populations were investigated, one of then 
deliberately enriched with 02 cells by exposure to ionizing radiation 24 hr 
previously, the log phase population was found to migrate upward faster than 
the 02 population, and a sinilar difference between their velocities could be 
calculated on the basis of a 1 un diameter difference between the two cell 
populations. The solid lines in Figure 2 are calculated on this basis. 

To furher explore this question, 02 and Gl enriched populations were 
isolated by Ficoll density gradient sedimentation. Figure 3. 

The bottom fraction was enriched in G2 cells Figure 4), and the top 
fraction was enriched with 01 cells (Figure 5), especially when compared with 
starting material (Figure 6). 

The electrophoretic nobilities of these two cell populations did not 
differ significantly from one another. Figure 7. 


Cell diameter dependent migration curves were calculated on the basis of 
the theory mentioned previously, and they were found to differ. Figure 3. 

This exercise predicts families of migration curves that differ when cell size 
is considered as a parameter. 
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INTRODUCTION 

This Interim report was prepared in response to an Immediate need 
for data on the electrophoretic mobility distributions of cells in the 
new D-l buffer and the inter laboratory standardization of urokinase 
assay methods. In addition, a table of cell strains and recent data on 
cell dispersal methods are included. 

1. ELECTROPHORETIC MOBILITIES OF KIDNEY CELLS IN D-l BUFFER 

It was decided among laboratories that glycerol in A-l buffer should 
be replaced by dimethylsulfoxide (DMSO) } therefore, a need developed for 
electrophoretic mobility data on cultured human embryonic kidney cells 
subjected to electrophoresis in this buffer. The buffer composition is 
given in Table 1, 

Cells were removed from subconfluent cultures by incubation in 0.37% 
EDTA in Puck's saline A (composition given in Table 2) or the same solution 
with 0.03% crude trypsin added. Cells were centrifuged out of these 
solutions and washed and resuspended in D-l buffer for electrophoresis. 

The Zeiss Cytopheroraeter with Cam-Apparatus electrodes was used to obtain 
mobility histograms from the analysis of the complete cell flow parabola. 

A parabola giving cell velocity vs, chamber depth Is shown in Fig. 1., and 
the mobility histograms are shown in Fig. 2. Due to the small number of 
cells available for measurement in the chamber there is no statistically 
significant difference between the histogram obtained with cells dispersed 
with trypsin and EDTA and that for cells dispersed with EDTA only. Xu any 
case, trypsin treatment did not reduce the electrophoretic mobilities. 


4, TESTING OF DISPERSAL PROCEDURES 


The combination of cell dispersal with EDTA and suspensions in D-l 
buffer still does not lead to fully satisfactory viability. Table 4 
summarizes the results of a preliminary experiment designed to test the 
ability of D-l buffer on its own to disperse cells. This experiment was 
based on a recently announced finding that DMSO at 10% concentration 
disaggregates aetin-containing microfilaments In epithelioid cells In 
culture. The results indicate that D-l buffer does disperse cells, but 
that it might selectively suspend cells with low viability, since the 
traditional method employing EDTA in Puck's saline A led to much higher 
viability, as measured by percent attachment in 24 hours. Variants of 
this experiment are to be performed in the near future. 
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Table 1. Composition of D-l Buffer, Low Ionic Strength Medium for 
Cell Freezing and Electrophoresis 


COMPONENT 

GRAMS /LITRE 

MOLARITY 

NaCl 

0.380 

0.00642 

NaHPO, 
2 A 

0.167 

0.00176 

kh 2 po 4 

0.050 

0.000367 

Na 2 EDTA 

0.125 

0.000336 

Glucose 

40.0 

0.222 

DMSO 

50.0 

0.64 


Table 2, Composition nf Puck's Saline A, Used as the Medium for 
Cell Dispersing Agents Trypsin and EDTA 


COMPONENT 

s/Jt 

NaCA 

8.00 

KCA 

0.40 

NaHCO 3 

0.35 

NazHPOit * 7H 2 0 

0.09 

KH 2 PO 1 * 

0.06 

Na;>EDTA 

0.20 

Glucose 

1.00 

Phenol red 

0.01 


( 



Table 3. Short Table of Human Kidney Cell Lot Data and Experimentation 


CELL 

START 




MAX 

UK 


STOP 

ELECTRO 


LINE 

DATE 

CO. 

LOT # 

FREEZE 

PSG 

TEST 

MEDIUM 

DATE 

PHORESIS 

REMARKS 

HFK 

8/21/78 

GIB 

D-110 

YES 

14 


BME 

11/12/78 

YES 


HFK-1 

10/25/78 

GIB 

83010TE 

YES 

13 


BME 

2/14/79 

YES 


HFK- 2 

j 

12/13/78 

GIB 

81812TE 

YES 

9 


BME 

2/18/79 

YES 


! HFK- 3 

3/7/79 

GIB 

70503TE 

NO- 

4 

YES 

BME 

4/3/79 

YES 

Used Up Cells 

1 HFK- 4 

3/30/79 

GIB 

90204TE 

YES 

4 


BME 

4/30/79 

YES 

Last To Mold 

j HFK- 5 

4/28/79 

GIB 

93004TE 

NO- 

3 


BME 

5/16/79 

YES 

Last To Mold 

HFK— 6 

7/24/79 

MAB 

HEK7923 

YES 

4 


BME 

8/10/79 

YES 

Contamination 

* 1IFK-6S 

7/24/79 

MAB 

HEK7923 

NO- 

5 


BME 

10/12/79 

YES 

Non-attaching 

| HFK- 7 

9/6/79 

MAB 

HEK82-51 


6 


BME 

11/26/79 

YES 

Senescence 

J HFK-7S 

9/6/ 79 

MAB 

HEK8251 


6 


BME 

10/30/79 

YES 

Non-attaching 

gj HFK- 8 

11/27/79 

MAB 

HEK8988 

YES 

6 


BME 

12/17/79 . 

YES 


S HFK- 9 

1/22/80 

MAB 

HEK9470 


5 


BME 

4/13/80 

YES 


® HFK- 10 

3/1S/S0 

MAB 

HEK9933 


8 


BME 

5/8/80 

YES 


HFK- 11 

5/14/80 



YES 

5 


BME 

6/11/80 

YES 


HFK- 12 

7/2/80 

MAB 

HEK0711 

YES 

1 

YES 

BME 

. 7/11/SO 

NO 


HFK- 13 

7/8/SO 

MAB 

HEK0804 

YES 

7 

YES 

BME 

8/7/80 



HFK- 14 

9/15/SO 

MAB 

HEK20. 1246 

YES 

4 

YES 

BME 

10/8/S0 



HFK- 15 

10/21/80 

MAB 

HEK1466 

YES 

4 

YES 

BME 


YES 

Still Going 
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Table 4, Effect of Method of Cell Removal on Viability 

(attachment in 24 hr) of Strain HFK-15 (Passage 5) 
Cells Plated in BME + 10% Newborn Calf Serum 
(Experiment 1212) 


DISPERSING 

INCUBATION 

% ATTACHED 

DENSITY 

SOLUTION 

TIME, 37°C 

IN 24 HR 

IN 24 HR 

D-l buffer 

10 min 

46 

Sparse 

0.37% EDTA 
in Puck's 
Saline A 

20 min 

85 

Confl uent 


Figure 1. Cell velocity vs, distance from the front wall of the Zeiss 
cytopherometer electrophoresis chamber. Cells are HFK-15, 
passage 5, suspended with 0.03% trypsin and 0,37% EDTA in 
Puck’s saline A. 
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Figure 2. Electrophoretic mobility histograms of HFK-15 cells, passage 5, 
in D-l buffer after suspension in EDTA or EDTA plus trypsin. 
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Mobilities of two cell lots determined using the Pen Kern 3000 Automated 
electrophoretic analyser. Early passage cells are clearly more hetero.- 
geneous in D-l buffer than late passage cells. 
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KIDNEY CELL ELECTROPHORESIS III. EFFECT OF PASSAGE NUMBER ON ELECTROPHORETIC 
MOBILITY DISTRIBUTIONS OF CULTURED HUMAN EMBRYONIC KIDNEY CELLS 

M. Elaine Kunze N85-31762 


A systematic investigation was undertaken to characterize population 
shifts that occur in cultured human embryonic kidney cells as a function of 
passage number in vitro after original explantation. This approach to cell 
population shift analysis follows the suggestion of Mehreshi, Klein and Revesz 
that purturbed cell populations can be characterized by alectrophore-ic 
mobility distributions if they contain subpopulations with different 
electrophoretic mobilities. It has been shown that this is the case with 
early-passage cultured human embryo cells. 


The figure below shows that, in the case of strain "HFK-40" a downward 
trend in mean mobility was found during the first three passages in vitro, and 
this shift is mainly due to the reduction in the fraction of cells with high 
mobility (-1.6 to -1.3). 
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DENSITY GRADIENT ELECTROPHORESIS OF CULTURED HUMAN EMBRYONIC KIDNEY CELLS 
L. D. Plank, M. E. Kunze, V. Giranda, and P. Todd 
INTRODUCTION 

Ground-based confirmation of the electrophoretic heterogeneity of human 
embryonic kidney cell cultures, the general characterization of their 
electrophoretic migration, and observations on the general properties of 
cultures derived from electrophhoretic subpopulations were the objectives of 
this research. To accomplish these objectives, the following sub-projects were 
undertaker : 

1. The relationship between cell migration in a density gradient 
electxohoresis column and cell electrophoretic mobility. 

2. Comparison of the mobility and heterogeneity of cultured human embryonic 
kidney cells with those of fixed rat erythrocytes as mpdel test particle. 

3. Examination of electrohoretically separated cell subpopulations with respect 
to size, viability, and culture characteristics. 

RESULTS 

1. The relationship between cell migration in a density gradient 
electrophoresis column and cell electrophoretic mobility. 

The composition of the buffer used for making the density gradient (Boltz 
et al., 197^) is given in Table 1. The mixing of Ficoll and sucrose in this 
buffer in the gradient maker gives an upward gradient of sucrose and a downward 
gradient of Ficoll, which has changing conductivity, viscosity, and effect on 
cell zeta potentials as a function position in the column. The dependence of 
conductivity on Ficoll concentration is given in Figure 1. 

It was pointed out in an earlier report that standard test particles 
(fixed rat, chick, and rabbit erythrocytes (RBC)) were being used to calibrate 
the migration of cells in the density gradient column against the traditional 
analytical electrophoresis method using the Zeiss Cy topherometer . Careful 
measurements of conductivity, viscosity, temperature, osmolarity, and 
density have now been made throughout the gradient. In addition, it 
was necessary to measure the effect of Ficoll on the mobility of test 
particles in che column electrophoresis buffer, owing to the well-known 
effect of neutral polymers on effective zeta potential. Figure 2 
clearly indicates that Ficoll increases zeta potential, and the results 
predict that cellular zeta potential will decrease as cells migrate up 
the column toward lower Ficoll concentrations . By using this complete 
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information set it is possible to predict the velocity a charged particle 
will have at any position in the column. The mathematical function 
,- > y- c<$rr v as ponflfci;** tjo these dependencies can be Integrated to produce a migration 

A ,i ‘ ' ’ f ’ . ' -I 

function (Fig. 3 ) that is approximately quadratic near the bottom of the 
column and inverse exponential near the top. This function correctly 


predicts the shapes of RBC migration plots (Fig. 4 and comes within 15% 
of predicting the absolute value of the distance migrated by rat RBC's 
under the conditions described in Fig. 3 .. 

Continuing data analysis and experimentation indicate that the agreement 
between theory and experiment is actually much better, and algorithms are 
being developed to convert dens ity- gradient fraction numbers into mobility 
units. 


2. Comparison of the mobility and heterogeneity of cultured human embryonic 
kidney cells with those of fixed rat erythrocytes as model test particle. 

During an attempt to prepare a t«=:aporary spinner culture for elec- 
trophoresis of HFK cells at the 10th passage it was found that most of 
the cells died in suspension within fc-10 hr. and were not suitable for 
electrophoretic separation. The culture was re-plated and saved until 
the surviving cells re-grew to confluence over a 75 cm 2 area. The 
resulting separated bands of RBC's and HFK cells were clearly visible 
(Figures ) in scattered light, so the migration of the bands could be 
monitored by eye for determination of migration rates, as shown in Fig. 6^. 
The average HFK cell migration rate is about 0.67 - 0.72 as great as that 
for fixed rat RBC's. Although the profile at the end of the separation 
was dominated by RBC's "> it could be shown by using Coulter 

volume analysis that the added RBC's separated cleanly from 

the HFK cells. This separation is easier to visualize when the data are 
plotted on relative scales as In Figure 7. The HFK cells seem to occupy 
a single peak, so there is very little evidence for heterogeneity. This 
is not surprising, considering the selected nature of the cells. Each 
fraction was examined by phase microscopy after it had been plated in a 
60 tmn Falcon tissue culture dish, and additional heterogeneity was found. 
Fraction 3, the most populous fraction in culture (see Figure 8) contained 
viable cells which multiplied in suspension without attaching to anything. 
Fraction 6 contained fibroblasts that attached and spread and formed 
monolayers. Fractions 12-15 consisted mainly of dead cells. Direct ob- 
servations of fractions in cultures yielded information about purity, as 
shown in Figure 9. The purest fractions contained 97.8% HFK cells and 
99.8% fixed RBC's; these were 3 fractions apart (about 1.5 cm in this 
case) . Coulter volume analysis also facilitates the determination of peak 
compositions. Figure 10, which presents three volume histograms, shows 
that the starting mixture was mostly RBC's (channels 6 & 7) and that 
channels 5 & 6 Include debris and some RBC's while channels 11 & 12 
account for most of the HFK cells. Fraction 5 is mainly RBC's, while 
fraction 10 is mostly HFK cells and debris. Cultures of fractions 6 & 8 
have been maintained for further characterization. 


Early passage cells of strain HFK-1 were subjected to density gradient 
electrophoresis after mixing with fixed rat erythrocytes (RBC) . The resulting 
electrophoretic profile indicated that the electrophoretic mobility of the 
modal HFK-1 cells is about 70% that of the fixed RBC's in the Ficoll gradient 
and the non-adherent cells had about 60% the mobility of RBC's . Non-adherent 
("round") cells were fewer in number than attaching cells, and their average 
mobility was lower. This particular population was not studied for its uro- 
kinase activity. See Figure 11. 

Most experiments to date have involved the collection of large-volume 
(0.5 -1.0 ml) fractions, and in these early experiments high resolution 
separations were not the goal. Experiments in which 0.25 ml fractions are 
collected have begun with cell strain HFK-1. Fractions of 1.0 ml volume 
have given a resolution of Ay (min) 0.054 ym-cm/V-sec per fraction after 

4 hr of separation, and the harvesting of 0.25 ml (5 drop) fractions provides 
resolution of Au(min) 0.01 ym-cm/V-sec. Fractions of HFK-1 cells have 
been collected at this latter resolution for fibr.in slide analysis. The 
data of Figure 4 form the basis of these calculations. Figure 7 provides 
additional insight into resolution. The RBC and HFK cell peaks are separated 
by 4 fractions and are 1.5 and 2.0 fractions wide, respectively. These 
numbers give 

Ax 3 4 =1.14 


as the classical separability resolution. 


3. Examination of electrohoretically separated cell subpopulations with 
respect to size, viability, and culture characteristics. 

By combining the results of this work period with those presented 
in previous progress reports it becomes clear that different primary 
cultures produce different electrophoretic mouility profiles. Some 
additional examples are presented here. Cell strain HFK-7 produced 
copious quantities of non-adherent cells, and the electrophoretic 
migration plot oi Fig. 12 indicates quite clearly that the non-adherent 
cells belonged to a completely different mobility class from the 
fioroblasts, whicn dominated tnis cell strain at the 6th passage, when 
this separation was performed. The morphology of the cells in the 
fractions was determined by phase-contrast microscopy of the plated 
cultures. As was found to oe the case with other HFK strains, this 
cell strain was much more heterogeneous at earlier passages. Fig. 13 
shows the migration plot (EXP 1028) of a separation experiment with 
strain HFK-7 at passage #2, which is the earliest possible culture 
passage available to us for study. In tills experiment alternating 
fractions were plated and counted so that quantitative counts (in- 
cluding volume distributions) and evaluations in culture could be 
obtained on adjacent fractions. This is the procedure followed in 
about 7b°4 of the HFK separation experiments. The density gradient 
electrophoretic distribution profile, Fig. 14, confirms that these 
cells are very oroadly distributed with respect to eleetophoretic 
mobility. Although 60 pairs of fractions were collected over a 12- 
cra migration distance in this experiment, electrophoretic hetero- 
geneity was not manifested as a numoer of sharp peaks but as a broad 
distribution. Both eases have been seen in past experiments, but 
sharp peaks are more likely to appear when smaller fraction are 
collected . 
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A very homogeneous population of (epithelioid) kidney cells designated 
HFK-10 was found to have a narrow electrophoretic profile after density 
gradient electrophoresis. In Figure 15 it is seen that nearly all of the 
viable cells were found in only in the narrow band between fractions 49-58, and 
that fractions above and below this band contained mainly unattaching, 
non-viable cells. The Coulter counts of these fractions (dta not shown) 
matched this profile. Further evidence of the homogeneity of this population 
is found in the Coulter volume distributions of three widely-separated 
fractions in Figure 16. 

Different starting materials have produced different results. 

Figure 17 presents a density-gradient electrophoretic profile of cells 
trypsinized from passage 10 of strain HFK. The starting population con- 
sisted only of about 10 s cells, and Coulter volume analysis was the only 
procedure applied to each fraction. Although most of the cells in the 
starting culture were fibroblastic, there is evidence for considerable 
electrophoretic heterogeneity. Fractions numbered 35 or higher consisted 
of clumped cells which sedimented farther during upward electrophoretic 
migration. When only large clumps were counted (Channel 13 on Coulter 
Counter TA II) they were found principally near the bottom of the gradient; 
Their distribution is indicated by the empty circles. None of the fractions 
from this experiment were saved for further culturing. 


Over the entire period of the project all kidney cell cultures of 
reasonable quality have been subjected to density gradient electrophoresis, 
so that several dozen experiments have been performed using this technique. 
The solutions used in the columns have in all cases been those described 
in Table 1. _ _____ . -. 

Figures 19 through 33 constitute a catalog of electrophoretic profiles 
of a variety of kidney cell cultures. Many of these have been presented 
in ear, ler reports, but some trends are now Beginning to emerge. Early 
results, Figure 19 , confirmed that human kidney cell cultures are 

eleetrophoretically heterogeneous and therefore present the possibility of 
separating cells according to function. Figures 20 and 21 illustrate 
that it is possible to determine electrophoretic mobility profiles of 
different classes of cells identified by 3ize in the Coulter volume 
analyser. At least one size class, Channel 12, had a bimodal mobility 
distribution. 

In highly heterogeneous populations, such as described in Figs. 22, 

24, and 25, there is a high-mobility population of cells that are non- 
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viable by microscopic in vitro criteria. This appears to be a very 
consistent observation. As indicated previously, as well as in Fig. 25, 
strain HFK-10 had a very large population of very-low-mobility viable 
cells. There is no evidence that these are UK producers. Figures 26 
through 29 portray a computerized version of the analysis described in 
Fig. 21, namely the determination of the electrophoretic profiles of 
cells in specific volume classes as determined by Coulter volume spectro- 
metry. Again, multimodal electrophoretic distributions are found 
within size classes. 

Figures 30 through 33 describe electrophoretic profiles of recently- 
acquired cell strains, and it can be seen that microscopic evaluation 
continues to reveal a high-mobilicy fraction of cells with low viability. 
Cultures from these fractions are to oe analysed for UK production also. 


Table 1. Composition of phosphate-buffered glucose (PBG) and PBG-sucrose, 
which is PBG with 6.8% sucrose to give isosmolarity . 


COMPONENT 

MW 

sZA. 

M 

KCL 

74.56 

0.20 

0.00263 

MgClj * 61*2 0 

203.33 

0.1Q 

0.00049 

Na 2 HP0., 

141.96 

1.15 

0.00810 

KH 2 F0u 

139.09 

0.20 

0.00144 

Glucose 

180.16 

10.00 

0.05551 


MOBILITY (/im-cm/V-sec) 
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Figure 1. Conductivity of Ficoll-suerose solution mixtures used 


in density gradient column electrophoresis. The apparent 
conductivity falls with increasing Ficoll concentration. 



in phosphate-buffered glucose medium used for density gradient 


electrophoresis. Measurements were made using the Zeiss Cyto 
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Figure ’3. Predicted migration curve for fixed RBC's subjected 
to electrophoresis upward through a Ficoll gradient 
under typical experimental conditions. 
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Figure 4. Comparison of migration piols for fixed rat and raboic 

RBC's with the predicted function calculated for rat RBC's 
(solid line). Same physical conditions as in Fig. 14. 
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Figure '6. Plot of the migration distance vs. time of electrophoresis of 

fixed rat red blood cells (circles) and HFK cells that had been 
selected by suspension culture (dots). 
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OF POOR QUALITY 

Figure 8. Microscopic counts of fixed red blood cells (RBC) and HFK cells 

from the experiment described in figure 5. Fractions were collected 
directly into culture dishes and counted in the inverted phase 
contrast microscope 24 hr after harvesting. The large peak at 
fraction # 8 consisted of multiplying, non-attaching cells. 
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Figure 9. Evaluations of purity of fractions harvested from the experiment 

of figure 5. Microscopic counts were made of percent RBC's (circles) 
and percent HFK cells (dots) in each fraction. The maximum purity 
of each is indicated in percent at the top of the graph. 
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Figure 10. Coulfce? volume distributions of a starting mixture of marker fixed 
rat RBC's and HFK cells (top panel). Channel 10 corresponds to 

10 ym diameter spheres, and each channel corresponds to a factor 

of 2 in volume. There are 16 channels, but particle counts in 

* 

channels 1-4 are discriminated against, because they account mainly 
for debris and particles in counting solution. RBC's are counted 
in channels 6 and 7, and cultured cells are counted in channels 

11 and 12. The volume distribution of fraction 5 (Figure 5) shows 
that most of the particles are RBC's (middle panel).- The volume 
distribution of fraction 10 (Figure 5) shows that most of the ■ 
particles are cultured cells (bottom panel). SEE PREVIOUS PAGE. 



ELECTROPHORETIC FRACTION 

Figure 11. Density gradient electrophoretic profile of early- passage 

HFK-1 cells co-electrophcresed with fixed rat red blood cells 
as markers. The mobility of the kidney cells in the peak 
fraction is estimated to be 70% of that of the RBC's. Fractions 
were collected directly into culture vessels, and the number of 
cells per 16X. field was counted 24 hr later. 
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• Figure 312.- Distance migrated in the density gradient column as a function 
of time of electrophoresis of human kidney HFK-7 cells. The 
lower envelope describes the migration of a narrow band con- 
sisting of round, non-adherent cells, and the upper envelope 
describes the migration of a broadly distributed band of cells 
consisting mainly of fibroblasts. The culture was in its 6th 
passage. 
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Figure 13. Electrophoretic migration of HFK-7 cells at the 2nd passage, 

as in Fig. 1. The uppermost envelope descrioes the migration . 
of an extremely diffuse band of cells having a mixture of 
morphologies. The electrophoretic heterogeneity of this early- 
passage culture is reflected in the distribution shown in Fig. 3, 
in which the fraction numbers correspond to the numbers on the 
right axis of this migration plot. 
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Figure 14. Electrophoretic profile of HFK-7, 2nd passage, cells subjected 
to density gradient electrophoresis for 3.75 hr and harvested 
in 1 ml fractions. Fraction numbers correspond to numuers in 
Fig. 2. Electrophoresis was upward, from right to left on the 
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Figure 15. Electrophoretic profile of HFK-10 cells that attached and 

did not attach in culture. The profile corresponds to that, 
determined by Coulter counting. The starting population was 
morphologically homogeneous ( epithelioid) . 
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Figure 16. Coulter volume distributions indicate that different fractions 
of elactrophdretically separated HFK-10 cells were similar in 
size. This observation is consistent with the oDservation thau 
the starting population was morphologically homogeneous, and 
electrophoretically separated fractions did not differ morphologically 
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Figure 19 , Cell counts in cultures two weeks after collection of density- 
gradient electrophoretic fractions of HFK -3 cells. Suspended 
cells were non-adherent and were determined by Coulter counting 
of the supernatant medium in each culture. Attached cells were 
determined by trypsinizing each monolayer and Coulter counting. 
Volume distributions were ootained for both components of each 
cultured fraction. Electrophoretic migration was toward the- left. 
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Figure 20. Electrophoretic profile of HFK-9 cells, passage 4, as 

determined by Coulter counts of harvested fractions after 
density gradient electrophoresis. The size classes (large) 
corresponding to Coulter volume channels 9 through 14 are 
included in the cell count. Electrophoretic heterogeneity is 
evident, with at least a trimodal distribution. Page 16-23 



Figure 21. Electrophoretic profiles from the same experiment as in Fig. 20. 

In this case the distributions of cells having specific sices 
were determined by plotting only the cell counts in individual 
Coulter channels. Channel 12 cells, for example, consist of at 
least two electrophoretic subpopulations. Fage 16-24. 

Figure 22. Electrophoretic profile of HFK-10 cells as determined by phase 

contrast microscopy of cultures from each fraction made by plating 
10-drop fractions in 5 ml of complete medium (6ME + 107= fetal 
bovine serum). Attached cells are distinguished from dead cells. 
This page. 
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Figure 20 
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Figure 23 „ 


Electrophoretic profile of all cells after density gradient 
electrophoresis of HFK-10 cells. 
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Figure 24* Microscopic counts of cultures in same experiment as 
shown in Fig. 23. Dead cells predominate at very high 
and very low mobilities. 
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Figure 25. Combined electrophoretic profiles of HFK-10 cells, passage 4, 
as determined by phase contrast microscopy of cultured 
fractions (dots) and oy Coulter counting of. all cells (circles). 

A highly viable, very-low-raobility subpopulation of cells 
existed in HFK-10 cultures. The high mobility cells (fractions 
15-25) showed very low viability in culture. Page 38. 

Figure 26. Electrophoretic profile of HFK-13 cells, passage 5, as 

determined by CoulLer counting of all cells and storing counts 
in individual Coulter volume channels on computer disk. This page. 
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figure 29 . ELECTROPHORESIS OF HFK . 
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Figure 30. Electrophoretic profile of HFK-14 cells, passage 1, as 

determined by Coulter . count with volume selection, and by 
microscopy of cultures of collected fractions. This profile 


also shows that higher mobility cells had lower viability. 
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Figure 31. Electrophoretic profile of HFK-14 cells, passage 1, as 


determined by counting cells per microscopic field in cultures 
of collected fractions. In this culture, higher mobility 
cells had lower viability. ^ — i J 
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Figure 32. Electrophoretic profile of HFK-15 cells, passage 2, as 

determined, by counting cells per microscopic field in cultures 


of collected fractions. Post-separation viability was low in 
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Figure 33. Electrophoretic profile of HFK-15 cells, passage 3, as 

determined by counting cells per microscopic field in cultures 
of collected fractions. In this culture higher mobility cells 
had lower viability. Exp 1213* 
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IDENTIFICATION AND QUANTITATION OF MORPHOLOGICAL CELL TYPES IN . 

ELECTROPHORETICALLY SEPARATED HUMAN EMBRYONIC KIDNEY CELL CULTURES 

Kimberly B. Williams, M. Elaine Kunze, and Paul Todd 
ABSTRACT 

Four major cell types have been Identified by phase microscopy in 
early-passage human embryonic kidney cell cultures: small and large 
epithelioid, domed, and fenestrated cells. Fibroblasts are also present in 
some explants. The per cent of each cell type changes with passage number as 
any given culture grows; as a general rule, the fraction of small epithelioid 
cells increases, while the fraciton of fenestrated cells, always small, 
decreases further. When fibroblasts are present, they alway increase in 
percentage of the total cell population. Electrophoretic separation of 
early-passage cells showed that the domed cells have the highest 
electrophoretic mobility, fibroblasts have an intermediate high mobility, small 
epithelioid cells have a low mobility, broadly distributed, and fenestrated 
cells have the lowest mobility. All cell types were broadly distributed among 
electrophoretic subfractions, which were never pure but only enriched with 
respect to a given cell type. 

INTRODUCTION 

Primary human embryonic kidney cells, when placed in culture, maintain 
several differentiated functions (I.-eighton et al., Bernik and Kwaan, Taub et 
al., Sato), and these are reflected biochemically as well as morphologically. 
Commercializable biochemical products are produced by some of these 
subpopulations, so their purification and characterization has both scientific 
and practical value. The correlation of a morphological property with a 
biochemical function, as has been done in the case of the pancreas, liver, and 
anterior pituitary, for example, would greatly facilitate the purification of 
biochemically specific kidney cells for study and applicators . 

MATERIALS AND METHODS 

Human embryonic kidney cells were purchased from MA Bioproducts, Inc., 
Rockville, Maryland, as fresh sheets of calls prepared from human embryonic 
kidneys. Some of these were subcultured for experiments through passage 1 2, 

3, etc. using a 1:2 or 1:4 split ratio, some were frozen at these passages for 
subsequent study, and some were used immediately for experiments. They were 
propagated in Medium. 199 with 10% fetal bovine serum. Electrophoretic 
separations were accomplished using the density gradient procedures and 
equipment described by Boltz et al. (1973, 1977). Morphological types were 
scored on the basis of appearance of cells, as shown in the photographs of 
Figure 1 and the sketches of Figure 2, under phase contrast at a total 
magnification of 200X. The two sizes of epithelioid cells were sometimes 
lumped into a single class. Approximately 1,000 cells wer counted per datum. 

RESULTS 

Epithelioid cells were found to be the dominating cell type in 
early-passage cultures. Fenestrated cells, although very conspicuous by their 
bizarre appearance, were always very few in number, almost never constituting 
more than 10% of any culture. Table 1 is a sketch of the growth patterns found 
in early-passage cultures derived from three different explants. Although 
gross differences are seen with respect to the per cent of each cell type in 
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each culture strain, their growth trends are very consistent. As days pass in 
culture and the number of monolayer cells increases, the fraction of 
fenestrated ceils always decreases, the fraction of fibroblasts always 
increases (when they are present), and domed cells appear to increase at about 
the same rate as the overall culture growth. This finding is also expressed in 
Figure 3, which is a plot of percentage of each cell type vs. days in 2nd 
passage culture. 

Electrophoretic separation of early-passage cells into subfractions by 
density gradient electrophoresis never yielded pure populations of any of the 5 
cell types, but nearly all fractions were enriched with respect tc one or more 
of the cell types. Figure 4 is a plot of the per cent of each cell type in 
each electrophoretic subfraction. Electrophoresis was upward, and the column 
was harvested from the top, so low fraction numbers correspond to high 
electrophoretic mobility and vice versa. Domed cells were nearly 3 times as 
frequent in high-mobility fractions as in low-mobility fractions, while exactly 
the reverse was true of epithelioid cells. These two cell types constituted 
more than 95% of the initial starting population, so -their distributions should 
be reflexive of one another. The maximum number of fibroblasts appeared at the 
center of the electrophoretic distribution, while fenestrated cells were found 
only in the lowest mobility fractions. 
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Figure 1. Phase-contrast micrographs of the 4 major cell types (other than 
fibroblasts) found in early-passage human embryonic kidney cell cultures. 
Upper left: small epithelioid, upper right large epithelioid, lower left: 
domed, lower right: fenestrated. 







LARGE 

EPITHELIOID 



SMALL 

EPITHELIOID 



DOMED 




FIBROBLASTOID 


Figure 2. Sketches of the 5 major identifiable cell types found in 
early-passage human embryonic kidney cell cultures. 
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Figure 3, Per cent of each cell type as a function of time after plating 
passage culture of human embryonic kidney cell strain HFIC-25 . 
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Figure A. Density gradient column electrophoretic profile of human embryonic 
kidney cell culture strain HFK at the 2nd passage in culture. A trypsinized 
cell suspension was subjected to 2 hr of upward electrophoresis in a Ficoll 
gradient (Boltz et al., 1973, 1977), and 0.5-ml fractions were collected from 
the top of the column. Electrophoretic migration was thus from right to left 
on the graph. The per cent domed and fibroblastoid cells has abeen multiplied 
by 10 to make their distributions clearer. 
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KIDNEY CELL ELECTROPHORESIS V. UROKINASE PRODUCTION BY ELECTROPHORETICALLY 
SEPARATED CULTURED HUMAN EMBRYONIC KIDNEY CELLS 


* ' - 


M. E, Kunze, L, D, Plank, V, Giranda, K. Sedor, and P. Todd 885-31 765 

INTRODUCTION AND RATIONALE 


Urokinase is a plasminogen activator found in urine (Celander and Guest, 
1960) . Relatively pur preparations have been tested in Europe, Japan and the 
United States for the treatment of deep vein thrombosis and other dangerous 
blood clots. This treatment method appears to have great potential, but a 
single dose requires material prepared from nearly 100 man-days of urine. 

Human embryonic kidney cell cultures have been found to produce urokinase at 
much higher concentrations, but less than 5 % of the cells in typical cultures 
are producers (White and Barlow, 1970j Huseby et al., 1977), Since humman 
diploid cells become senescent in culture the selection of clones derived 
from single cells will not provide enough material to be useful, so a bulk 
purification method is needed for the Isolation of urokinase producing cell 
populations. Preparative cell electrophoresis was chosen as the method, since 
evidence exists (Knox, 1978) that human embryonic cell cultures are richly 
heterogeneous with respect to electrophoretic mobility, and preliminary 
electrophoretic separations on the Apollo-Soyuz space flight produced cell 
populations that were rich in urokinase production (Allen et al. , 1977) . 
Similarly, erythropoietin is useful in the treatment of certain anemias and 
is a kidney cell pro^>ect, and electrophoretically enriched cell populations 
producing this product have been reported (Allen et al. , 1977). Thus, there 
is a clear need for diploid human cells that produce these products, and there 
is evidence that such cells should be separable by free-flow cell electrophoresis. 

Progress made in the Project Laboratory 

Human embryonic kidney cells have been acquired from commercial producers 
and given serial names: HFK-1, HEK-2, etcs. The cell strains have been 

subeultured and/or frozen in liquid nitrogen. Microscopic and density gradient 
electrophoresis have been applied to these populations, and evidence has been 
found favoring the notion that urokinase producing cells should be separable by 
preparative electrophoresis, such as free-flow electrophoresis. 


Human kidney HFK-3 cells at the first passage were separated by density 
gradient electrophoresis, and fractions were grown in culture in 5 ml complete 
medium in 60 mm tissue culture dishes for two weeks. After the supernatant was 
sampled for urokinase activity it was sampled for non-adherent cells.' The mono- 
layers were trypsinized and also counted. It appeared from the cell-count profile 
that fractions containing the high numbers of attached cells also contained high 
numbers of unattached cells. Coulter volume spectrometry revealed that non-adherent 
cells were smaller than attached cells by as much as a factor of 4 in volume. 

The fractions highest in cells did not coincide with maximum urokinase production. 
It, therefore, appears that urokinase producing cells were a rather small pro- 
portion of this particular explant and that UK activity was high, on a per cell 
basis, in the lower-mobility fractions. 
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Similar separation experiments were performed at passage 1 and passage 
2 of strain HFK-3 , and specific cell fractions were found to produce UK in 
both cases. Unfortunately, the applied electric fields were not the same in 
the two experiments, so the fractions could not be directly related. In both 
cases, UK producing cells appeared to be at least biomodically distributed 
among the collected fractions. It is possible that there will be more than 
one electrophoretic population of cells producing UK in cultures in general. 

The cell population described by the data of Figure 3 behaved similarly. There 
were two electrophoretic peaks of urokinase producing cells, and there was 
evidence for torn populations whose UK production increased between day 12 and 
day 13 in culture after electrophoretic separation. In these experiments UK 
activity was assayed on aliquots of supernatant culture medium using the 
colorimetric 4-methoxy-2-naphthylamide method. Activity units per viable cell 
in separated fractions have not yet been determined. 


Figures 9 through 12 show UK production in cultures of cells grown 

from collected fractions in density-gradient electrophoresis experiments. 

The distribution of UK production relative to total cells varies among cell 

strains and passage numbers. For example, in Fig. 9 UK production occurred 

* 

in cells with higher mobility than the majority; whereas, in Fig. 11 UK 
production followed total cells/fraction rather closely. Strain HFK-10 
persistently had a large population of very law mobility cells (Fig. 12), 
and UK production occurred in cells with higher mobility. Figures 9 and 10 
illustrate computerization of UK activity calculations which will finally 
make possible .the expression of UK production in electrophoretic fractions 
in CTA units/million cells/day. 


The profile of UK production closely parallels the number of cells PLATED 
per vessel in Figure 13, but when the actual number of cells per vessel is 
counted at the time of the UK assay, it is found that there is a distinct peak 
of high-UK producing cells in cultures derived from near the front of the band 
of migrating cells (Figure 14) . This finding will be found consistent with 
many other experiments, including those conducted in microgravity. This 
finding was repeated in the case of cell strain HFK-18 (Figure 15) and 
subsequently with cell strain 8514 using continuous flow electrophoresis. This 
result also reveals that high UK producers multiplied much less than their 
lower-mobility counterparts. 


In summary, electrophoretic separations have produced populations of viable 
adherent and non-adherent cells and cell fractions capable of producing differing 
amounts of UK upon subsequent cultivation. There may be more than one electro- 
phoretic cell subpopulation capable of UK production. 
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Table 1. COLUMN ELECTROPHORESIS BUFFERS 

(300 mOsm approx.) 


Ionic strength = 0.030 g ions/1 



PBG 

Compos 
CE ILING 
(LIGHT) 

ition in 

HEAVY 

g/1 

FLOOR 

(15%) 

FLOOR 

( 20 %) 

KC1 

0.2 

0.2 

0.2 

0.2 

0.2 ■ 

MgCl £ . 6H a O 

0,1 

0.1 

0.1 

. 0.1 

0.1 

KH 2 P0 lt anhyd. 

0.2 

0.2 

0.2 

0.2 

0.2 

Na 2 HPO|j anhyd. 

1.15 

1. 15 

1. 15 . 

1.15 

1. 15 

Glucose 

! io . o 

10.0 

10.0 

10.0 

10 . 0 

Sucrose 

! 

68.0 

51. 0 

42.5 

34.0 

Ficoll 400 


- 

100.0 

150.0 

200.0 


Table 2. 

Preparation of Gradient Electrophoresis Buffers; 


1. Prepare DOUBLE-STRENGTH PBG according to the following 
recipe : 



u/i 

ml. from 100 g/1 
stock solns. 

KC1 

0.4 

4.0 

MgCl 2 . 6H a O 

0.2 

2.0 

KH 2 PO t( 

0.4 

4.0 

Na^HPO^ 

2.30 

23.0 

Glucose 

20.0 

- 

To prepare 1 litre of, for example, heavy solution, 
dissolve 100,0g Ficoll and 51. Og sucrose in 500 ml 
double-strength PBG plus approximately 300 ml twice 
distilled H a O; then make up to 1 litre with 2xdII 2 0, 
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Figure 8. Urokinase activity of supernatants of cultures of cells 
separated by density gradient electrophoresis. The same 
cultures were sampled on successive days, and increased 
production was found in high. and low, but not intermediate, 
mobility cells. 
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Figure 9. Elecdrophorct ic profile of HFK cells, passage 11, and 


urokinase activity of selected fractions 2 days after electro- 
phoretic separation.. Exp 985. 
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Figure 10. Urokinase activities in cultured electrophoctically separated 
cell fractions. Matching cell counts not given. Upper plot: 
optical density units. Lower plot: CTA units. Exp RB270. „ 
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Figure 11. F.lectroplicrut ic profile of HFK-9 cells, passage 4, and 

urokinase activity of selected cultured fractions 1 and 6 days 
after electrophoretic separation. Exp 1077. 
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Figure 13. Electrophoretic profile of cell strain HFK-17 at passage 3 and UK 
production measured 16 days after culturing the electrophoretic fractions. 

Ihe number of "cells per well" corresponds to the number of cells plated in 
each fraction. 
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Figure 14. Same as Figure 13, but the number of cells per fraction was 
determined on the basis of microscopic^ counts of cell density, thereby 
representing the number of cells vt { t at the time of the UK assay. 








Figure 15. Confirmation of the result of Figure 14; an identical 
electrophoretic profile of both cell number and UK production in the case of ar 
different cell strain at a later passage. In strain HFK-18, high mobility- 
cells are also very efficient UK producers and apparently the least prolific 
with respect to multiplication. 
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Electrophoretic Studies on Human 
Embryonic Kidney Cell Strain 8514 
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SUMMARY ELECTROPHORETIC DATA BASE ON HUMAN EMBRYONIC KIDNEY CELL STP A IN 8514 

L. D. Plank, M. E, Kunze, M, V, Arquiza, D. R. Morrison, and P. Todd 

To properly plan the EEYT and CFES experiments with human embryonic kidney 
cells, first a candidate cell lot had to bechosen on the basis of 
electrophoretic heterogeneity, growth potential, cytogenetics, and urokinase 
production. Cell lot 8514 from MA Bioproducts, Inc, was chosen for this 
purpose, and several essential analytical electrophoresis experiments were 
performed to test its final suitability for these experiments. 

In order of appearance, the experimental results are: 

1. A test of the reproducibility of EFM distributions, using third-passage 
cells as a model (experiments 1492 and 1430), 

2. Comparison with rat erythrocytes evaluated during the same test interval. 

3, Effect of trypsin and EDTA or EDTA alone on EPM distribution, 

4. Subdivision of EPM distribution into 3 arbitrary mobility subgruops, fast, 
intermediate, and slow. 

5, Simulation of the subgroup structure for computer projections. 

6. Simulation of cell migration under the conditions of the EEVT experiment, 

7, Simulation of cell migration under the conditions of the EEVT experiment, 
but with increased electroosmotic tube wall mobility. 

8, Effect of storage conditions in a simulated space-flight CFES experiment on 
the EPM distributios. 
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Chapter 20 ; . 

A Review of Kidney Cell Growth 
in Serum- Free Medium, 


N 8-5-31 767 

A Critical Synopsis: Continuous Growth of Proximal Tubular 

Ki dney Epithelial Cells in Hormone- supplemented Serum-free Medium. 
(Chuman, Fine, Cohen, and Saier. J. Cell Biol. 94, 506-510. 1982) 1 


SUMMARY; 

The kidney forms urine and reabsorbs electrolytes and water. 

This study used kidney cell lines and hormone- supplemented serum- 
free medium; the hormones were insulin, transferrin, vasopressin, 
cholesterol, prostaglandins, hydrocortisone, and triidothyronine. 

In general, epithelial cell lines are polar and form hemisycsts. 

The Madin-Darby canine kidney (MBCK) cell line used is distal tubule- 
like. H)C-PK.j cells are derived from pig kidneys and have the 
properties of different kidney segments. 

The LLC-PK.J cells with^proximal tubule properties were maintained 
in hormone-supplemented serum-free medium. Seven factors (the afore- 
mentioned hormones and selenium) were needed for growth. Hormone- 
defined medium supported LLC-PK^ cell growth* allowed transport (as 
seen by hemicyst formation), and influenced cell morphology. Vaso- 
pressin(used for growth and morphology) could be partially replaced 
by isobutylraethylxanthine or dibutyryl cAMP. The defined medium was 
used to isolate rabbit proximal tubule kidney epithelial cells free of 
fibroblasts. 

The paper, Continuous growth of -proximal tubular kidney epithelial 
cells in homone- supplemented serum-free medium , makes a few misguided 
assumptions about proximal vs distal tubules and properties of BLC-PK^ 
cells, but basically provides a good model for defined media studies. 


(see figure 1 and 2 2 ^) 
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I. Background 

A. Kidneys (see figure 1 and 2 2 ^) 

The functional structure of the kidney is the nephron. It is 
here that urine forms, beginning in the glemerulus <r capillary system, t 
From the glomerulus the fluid that will become urine enters the 
proximal tubule (P.T.) where solutes and water are reabsorbed in 
equal amounts. Active sodium reabsorption drives all other transports 
in the P.T., e.g. , passive movement of water, out of the tubule and 
coupled reabsorption of glucose. Entering the Loop of Henle, the 


fluid loses water and solutes, forming a gradient. that qoncentrates 


the urini^iso that the only reabsorption needed in the distal and 


9 A 

collecting tubules is fine tuning. -4 ” 

{ s* -i - 

B. Hormones 


C 


She hormones examined in the paper were insulin, transferrin, 
cholesterol prostaglandins, hydrocortisone, and tri id o thyronine. 

In vivo, the hormones act and interact onspecific tissues. Insulin 
causes glucose release, but has little effect on glucose transport 
in the kidney. Transferrin is a ^-globulin that combines with iron 
to transport it in the plasma. Vasopressin (antidiuretic hormone — 

ALE) controls reabsorption of water in the kidney’s late distal 
tubule and collecting duct. Cholesterol forms cholic acid in the 
liver, leading to bile formation. Prostaglandins cause vasoconstriction 
or vasodilation. Prostaglandin 3 2 is produced in the kidney and 
causes vasodilation. Hydrocortisone (cortisol ) stimulates gluconeo*- 
genesis in the liver by mobilization of amino acids from extra-cellular 


fluid. Triidothyronine is present in small amounts, but is . verv ~ , 

' U 


potent at increasing metabolic rate. 
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G. Epithelial Cells in Culture i 

Studies of epithelial cells in culture have many advantages: 

(1 ) minimum variability among samples. Genetic differences are 
reduced by developing samples from the same precursors, and differences 
in nutrition, endocrinology , and age can be eliminated, (2) large 
amounts of homogeneous material can be grown. (3) samples can be 
stored frozen and examined later. (4) cultures of a single cell : 
type can be developed and genetically dissected to discover cell 
function mechanisms, 

Cereijido and associates (1979) found epithelial jell lines in 
culture to be polar and form hemicysts (fluid filled spaces.) The 
reason for polarity is unclear, but polarity is attachment dependent 
with the basclateral plasma membrane facing the supporting surface 

n 

and the apical membrane facing the meaium(see figure 3).' The 

k.'/ 

direction of transport can be determined- watching fluid movements 
and specific polar budding of enveloped viruses. Hemicyst (dome) 

o 

formation is unique to confluent epithelia' and is seen in kidney * 
mammary gland, liver, 5 and urinary bladder cells. Rabito, et al 
(1980) found hemicyst formation dependent on transepithelial transport 
and cell substratum adhesion strength which is modified by, for 
example, dibutyryl cyclic AMP. When adhesion strength increased, 
hemicyst formation decreased. 

Hemicyst formation is stimulated by cAMP, theophylline, or 

papaverine.'^ Hemicyst formation can not be used to quantify 

transport since formation -depends on epithelial ability to seal in 

transported fluid, amount of adhesion of basal membrane to the 

surface, and rate of transport; however, it can be used as an indicator 

1 8 

of transport in new cell lines. 
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Kidney cell function can be determined in culture by such tiling^-, 
as transepithelial transport, hormone and drug control of transport, 
and hormone secretion. Cell culture could overcome kidney studies' 1 
problems of too much and too little — too much variety in whole kidney 
extracts and too little material in dissected kidney segments. A 
totally defined medium in which kidney epithelial cells grow and 
differentiate could facilitate selection of cell- of interest and 
study of their function, 0 

D. Madin-Darby Canine Kidney Cell Line (MDCK) 

Hull, et ai (1976) suggested the MDCK cell line has the 

properties of distal tubule epithelial kidney cells. Cerei jido(1 978) 

and Hull(1976) independently found dome formation due to active 

fluid transport from top to bottom occured with a specific trans- 

epithelial electric potential and microvilli facing into the media. 

The electron microscope showed structural polarity, microvilli 

facing the medium, smooth membrane across from the solid support, 

and individual cells joined by tight junctions (see figure 3.) y 

Cerei jido, et al {1978) saw abnormal cytologieal characteristics 

like large nuclei and abnormal mitotic figures. When these cells 

o 

were injected into chick embrjlos, metastatic lesion developed. MDCK 

cells lack the specific enzyme markers of proximal tubule (P.T.) 

kidney cells. ^ Rindler and associates(l 979) stimulated adenylate 

cyclase (an enzyme involved in ATP to cAMP pathways) activity with 

vasopressin, oxytocin, prostaglandins, glucogon, cholera toxin, and 

22 

isoproterenol in MDCK cell lines. Cyclic AMP and cell differentiation 
1 1 

inducers stimulate hemicyst formation. 

E, Pig-derived Cell Line (LLC-?K^ ) 

Hull, et al(1976) examined the LLC-PK^ cell line derived from 
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pig kidney^ that harap, undergone mutations and property changes in 
culture so that it has characteristics unlike any segment of the 
kidney. Hemicyst formation and tight junctions lead to cell sheet 
epithelial transport in iiLC-PK^ cells. Goldring and associates(1 978) 
found adenylate cyclase activity sensitive to vasopressin and 
calcitonin. 

II. Continuous Growth of Proximal Tubular Kidney Epithelial Cells 
in Hormone- supplemented Serum-free Medium, u 

A. Materials and Methods 

Basic cell culturing techniques were used: LBC-PK^ cells 

were grown in Dulbecco's modified Eagles medium supplemented with 
horse and fetal bovine serum or hormones. Rabbit proximal tubule, 
kidney epithelial cells were microdissected and grown in the hormone 
defined medium. 

B. Results 

The hormones added ta the medium were transferrin, insulin, 
hydrocortisone, triido thyronine, vasopressin, prostaglandin , 
cholesterol, and selenium. Transferrin (MDCK — 5^\g/ml, LLC-PK^— Ju^g/ml), 
insulin(MDCK — 5 J\g/ ml, LIC-PK^ — 10JUg/ml),or selenium (both — 5 x ICf^M) 
deleted from the hormone defined medium reduced ILC-P^ relative 
growth to about A-0% of the defined medium control growth. 

Hydrocortisone (KDOK — 2 x ICT^M, LIC-PK^ — 5 x 10“ 8 M) and triido thyronine 
(both— 1 0- M) were used for growth stimulation, and ■c l -t hnns absence 
reduced growth to 75% and 60% t respectively. Adenylate cyclase 
activity was stimulated by vasopressin (1 0 JkU/ml) in IiLC-PK^ and 
prostaglandin (25 ng/ml) in MOCK, either's absence reduced growth 
to about 50^. Cholesterol (10~ 8 M) was added only to LLC-PK^ cells, 
and its absence reduced growth to 70%, With all other hormone 
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concentrations normal, each hormone was varied in concentration. K 
Transferrin and insulin dose response curves rose quickly to the 
defined medium concentration then dropped. Triido thyronine, 
hydrocortisone, and cholesterol curves continued upward; vasopressin 
curve rose quickly then remained fairly constant. (See figure 4. ) 

There was no growth inhibition for any of the concentrations. 

LLC-PIC^ cells grew slower in the defined medium (doubling 
time = 26.4 h, serum -- 21.6 h) with a lower efficiency (70% vs 97 %. ) 
Hemicysts formed with equal frequency in the defined and serum media. 
Yasopressin requirements for growth was partially replaced by 
isobutylmethylxanthine or dibutyryl cAMP, which caused similar 
morphological changes to vasopressin. Electron microscopy showed 
the ItLC-PH. cells to be similar in either medium, except the brush 

r 

boarder was denser, but shorter microvilli in the hormone serum. 

MDCK. cells grew: in LLC-PK^ defined medium, but with no hemicyst 
formation; however, XiLC-PiC^ cells did not grow in HDOK defined medium. 

IiLG-PE^ defined .medium was used .to isolate primary cultures 
of carefully microdissected* P.T. of kidneys. When testing P.T. 
specificity, cortical collecting duct also grew in the medium; 
therefore, the medium was not selective for P.T. cells. 

C. Discussion 

LLC-PK.J cell line of presumed P.T. origin grew in a serum-free 
medium similar to that needed by the MDCX line. Medium specificity 
was indicated by I1C-PK^ cells rapid growth without serum, hemicyst 
formation similar to that in serum, and epithelial isolation from 
a microdissected P.T. from rabbit kidney. Some other factor for 
growth was not in the defined medium since cells grew faster in 
serum. This was also seen by primary cultures of carefully micro- 
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dissected P.T. from rabbit kidney. Some other factor for growth . 
was not in the defined medium sinoe cells grew faster in serum. 

Also, primary cultures of P.T. epithelial cells did not differentiate 
(no dense microvillous brush boarder.) The defined medium could 
be used to determine cell surface receptors of LLC-PK^ cells, 
molecular groivth requirements for the cells, hormonal dependencies 
for expression of biochemical traits, also for isolation of P.T, 
epithelial cells in other species. 

III. Critique 

LLC-PK^ cells were assumed to be proximal tubular; however, 
these cells have properties of other kidney segments. The glucose 

pH 

transport ®s similar to proximal tubules;" adenylate cyclase activity 

•z 

is similar to that in the ascending limb of the loop of Henle; and 
high trans-epithelial resistance like the collecting duct. It 

/ n 
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would be hard to convince a renal physiologist that LIC-PK^ cells 
act as anything but LIC-PKj cells. However, the specific action, 
e.g. , fluid transport, may be studied in these cells as a general 
process. 

Microdissection of proximal tubule segments has been 
04 

successful, but the experimenters should have double checked the 
P.T. segment culture by using other tests like specific enzyme 
markers like maltase, trehalase, sodium-dependent glucose uptake, 
and p-amino hippurats (PAH) uptake . 19 In the results, collecting 
duct segments also grew in the defined medium, yet the conclusions 
state the medium could be used for -isolation of P.T. epithelial 
cells in other species. 

There were other hormones that affect kidneys that may i 
have been used to further study the P.T. vs D.T. question. Aldosterone 


stimulates sodium re absorption and potassium secretion in the D.3J, 

Angiotensin -causes water and salt retention. ADH (vasopressin) 

could also be used as a D.T. and P.I. parameter because ADH causes 

water reabsorption only in D.l. and C.D. of the kidney. 

Being picky, several "data not shown" statements were 

included in the results. If the data is not shown, we should not 

/ 

be expected to believe without seeing. (JThis should not be a test 
of faith and trust. 

Finally, cultured cells are not a system. Perhaps the 
effects of hormones on biochemical traits can be examined in culture 
but it would be a pure model with difficulties in extrapolating 
into in vivo situations. Hormones interact with each other in the 
body, as do tissues and systems. V/ithout these interactions, I 
wonder how practical cultured cells would seem from a physiologists 
viewpoint. 
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Chapter 22 

Fibrin Slide Method of Identifying 
Urokinase-Producing Cells in Culture, 
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THE EIBRIN SLIDE ASSAY FOR DETECTING UROKINASE 
ACTIVITY IN HUMAN FETAL KIDNEY CELLS 


KATHRYN SEDOR 




This paper deals directly with the Fibrin Slide Technique of Hau C. Kwaan 
and Tage Astrup. This relatively simple assay Involves two steps: the formation 
of an artificial clot and then the addition of an enzyme (UROKINASE) to dis- 
solve the clot. The actual dissolving away of the clot is detected by the ap- 
pearance of holes (lysis zones) in the stained clot. 

In this paper, the procedure of Kwaan and Astrup will be repeated, along with 
modifications and suggestions for improvements based on experience with the 
technique. 


The method of Kwaan and Astrup for a Histochemical Fibrin Slide Technique 
as it appeared in Laboratory Investigation, Volume 17, No. 2, was used through- 
out the experiment. The procedure was tried a total of five times on seperate 
occasions. The first two experiments involved the initial cell lot that was 
present in the laboratory. The second two experiments involved a more recent 
cell lot that was heartier than the initial line. Finally, the last experiment 
dealt with a particular fraction of cells that had been, run through electrophre- 
sis and then cytospun onto slides. The procedure varied slightly from experi- 
ment to experiment and these differences are described below. 
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MATER1ALS : 
Solutions 


U 

1 


BARBITAL BUFFER 0.05M barbital, 0.10M NaCl, 0.25% gelatin. pH to 7.8. 

PHOSPHATE BUFFER — ionic strenght=0. 15; mix 9g Na^PO^ and 10.65g Na 2 HP04. 

_ J J 1*_l. _ T . . 1 _ <1 1*1 TT . -f *7 T 


add distilled water to make 1 liter. pH to 7.75. 

THROMBIN 20 NIH units/ml of 0.9% NaCl, originally 2500u/ml. 

add 0.1ml of 2500u/ml thrombin and 12.7ral 0.9% NaCl. 

FIBRINOGEN — * -0.005g plasminogen, 7.15ml phosphate buffer, 0.05ml fibrinogen. 

UROKINASE Needed: 245, 120, 60, 30, 15, and 1.5CTA units/ml. We had 

urokinase in dilutions of 1750, 1000, 400 and 200CTA units/ml. 
Dilutions were made accordingly with the barbital buffer. 


HARRIS' HEMATOXY- 
LIN STAIN Hematoxylin 0.5g, ammonium alum or aluminum* ammonium sulfate 

5.0g, sodium iodate O.lg dissolve in 70.0ml in distilled water 
and filter. 

FORMALDEHYDE, 10% solution 


METHANOL, 50% solution 

HANKS f BALANCED SALTS IX solution 

Sources for cells enzymes, etc. 

CELLS: Human Fetal Kidney /// GIBCO 
Urokinase- Crude Powder //.‘ SIGMA 
Fibrinogen-type I, Bovine Blood ///SIGMA 
Thrombin, from Bovine Blood ///SIGMA 
Plasminogen, Human /// Worthington Enzymes 



METHODS : 

ORIGINAL in brief: 

1. an ordinary precleaned microscope slides, an area of 2.5 X 4.0cm was delin- 
eated with waterproof ink. 

2. 10A of thrombin solution was spread evenly over this area and allowed to 
dry quickly at room temperature. 

3. Then, 60/v of fibrinogen solution was applied and spread quickly with a glass 
rod, evenly distributing the solution by gentle tilting. 

4. Slides were placed on a horizontal glass plate in a moist chamber at room 
temperature for 1 hour to complete clot formation. 
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5. Cell suspensions were usually prepared as a smear on the glass slide, either 
by simple drying or after brief fixation in 50% methanol and then covered. 

6. The slides were then incubated for appropiate lengths of time in a moist cham- 
ber at 37°C. 

7. The incubated slides were fixed in 10% formaldehyde solution for 1 hour, if 
necessary , after pretreatment in formalin vapor. 

8. After staining with Harris' Alum Hematoxylin without acetic acid, the slides 
were mounted in glycerine jelly. 

9. For comparison, solutions of urokinase (or tissue ’activator) were applied with 
a glass capillary (diameter 1.5mm) delivering approximately 5 \ by gently touch- 
ing the fibrin film. 



ADAPTED: 

1. Steps 1 — 4 same. 

2. Cell suspension preparation varied, see below. 

3. Slides were incubated for one hour at 37°C. 

4. Cells were fixed only in a 10% formaldehyde solution, with fixation time 
varying with each experiment, see below. 

5. Steps 8-9 same. 


CONDITIONS ON EACH EXPERIMENT 



EXPERIMENT I 

Slides Ul-6, El-4 

Confluent HFK cells were trypsinized and centrifuged in a solution of equal 
parts of Hanks Balanced Salts and 50% methanol. After centrifugation for 10 
minutes at 1400rpm, the supernatant was removed. The remaining cells were added 
to the slide and allowed to air dry. Cells were from the slower growing lot. 
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T.he 37°C incubation was carried, out in the incubator without C0 9 , 
however the slides were open to the air resulting in partial drying. 

Slides were fixed in formaldehyde for 30-60 minutes and stained with hema- 
toxylin twice, once for 2 minutes and then again for 20 minutes. 

EXPERIMENT II 

Slides U 2 I- 6 , El-4 

Repeat of Experiment I, the same cell lot and procedure. 

EXPERIMENT III 

Slides U c l- 6 , NCI, II, Ex c l-12 

Cells, from the same lot as above, were grown directly on the micro- 
scope slides until fairly confluent. Then, they were rinsed with Hanks Balanced 
Salts and then with distilled water. The procedure that followed was the same 
as above with the exceptions of a 1 hour fixation in formaldehyde and 20 minutes 
of staining in hematoxylin. 

EXPERIMENT IV 

Slides U d 1-6, B cont, Epl-12 

Cells in this experiment were from a newer, heartier lot than before. These 
cells were also grown directly on the slides but only for 24 hours. The slides 
were then rinsed with Hanks to remove the excess media. 

During the 37° incubation, a moist chamber was used to prevent the slides 
from drying out. This chamber was put into the moist incubator for 1 hour. 
Finally, the slides were fixed in formaldehyde overnight and then stained for 
40 minutes in hematoxylin. 

EXPERIMENT V 

Slides Ugl-2 , RB262 2-78 

Cells were obtained from an electrophretic fraction from the newer HFK lot. 
These cells were cytospun onto the slides and kept cold Until use. The pro- 


cedure was then the same as the above. 


RESULTS : 


Rapid inspection, of the stained slides showed that all the slides had a 
"Swiss cheese" appearance; it looked as though holes had been poked in the 
lights/ stained clot. 

These characteristic holes were seen on all the slides: the urokinase 
controls, the negative controls and the experimental slides. 

Staining with the hematoxylin would yield color in the following degrees: 
Complete areas of no color (lysis zones?), light staining (fibrin clot?), 
and dark staining (cells and other debris). 


DISCUSSION : 

In veiwing the slides, I had thought that the first few experiments had worked 
as expected because the urokinase control slides seemed to decrease in the num- 
ber of 'holes' that it contained depending on the urokinase concentration that 
was added. Then, I happened upon the negative controls which showed the same 
'holes' but not to the same degree. 

None of the slides with cells showed any good zones of lysis within the area 
of the premarked square. One interesting thing that was observed was that the 
cells had the ability to 'eat' away at the black marker that was being used. 

This would cause problems in containing the forming clot in the necessary boun- 
daries on the slide. 

Another problem dealt with the staining time. Initially a 2 m i nute stain was 
tried with little success. Next a 20 minute time was employed. Finally, a 40 
minute staining period was tried with the best results. Even with the 40 min- 
ute staining period, the fibrin clot stained very lightly in comparison with 

the cells, which took the stain extremely well. 

o 

Incubation time in the 37 G chamber was a problem with this experiment. Ac- 
cording to Kwaan and Astrup, when the clot is made over the smear of cells, the 
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cime required for formation and stabilization of the clot makes the proper in- 
cubation period less well defined. Also, the incubation time is dependent on 
the particular cell type that is being tested as well as the different manufac- 
tures for the standard urokinase. According to the original paper, with longer 
incubation times, even a weakly active site will be detected. 

According to Kwaan and Astrup, "to achieve a detailed and discrete localiza- 
tion of active sites, the fibrinogen must he rich in plasminogen, low in inhibi- 
tor content with clottability above 85-90%, containing no spontaneous fibrino- 
lytic activity (including such caused by bacterial contamination) , be free of 
citrate and be soluble at high concentration (about 1%) without sedimentation. 

We have found no commercial preparations which fulfill all of these criteria, 
in particular, they arelow in plasminogen and therefore low in sensitivity to 
activators." (1) 

Perhaps this would be a good place to start to work on the assay-determine 
exactly what combination of ingredients yield the best clot. By keeping all 
solutions filtered and cold, this cuts down on the bacterial contamination so 
that should not be a problem. It could be possible to change the incubation time 
for the clot formation to give a better result. 

To determine the best incubation time in the 37°C chamber, a quick test will 
have to be run with each new batch of urokinase standards, if there is any in- 
tention of correlating the different experiments. This is easily done by placing 
samples of each dilution on the same slide and then incubating for various pe- 
riods of time and then comparing the results. Once this is done, it will be 
possible to scan an experimental slide and determine the actual concentrations 
of activator present based on the degree of lysis. 

In summation, I think that after the best clot mixture is determined the 
assay will yield good results. Staining and reading the slides at this time 
may be no problem if the right mixture is discovered. 
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Calculations and Recommendations 
Conce rn ins Physi cal Character i sti cs of 
the EEVT Apparatus, . ' 



. . 23-1 

N85-31769 

RECOMMENDATIONS AND CALCULATIONS CONCERNING PHYSICAL CHARACTERISTICS OF THE 

EEVT APPARATUS 

Several issues arose during the course of preparing for the flight of EEVT on 
STS— 3 , and these involved several institutions. Although this is not a formal 
report, it envelopes some of the correspondence and documents that highlight 
the discussions that occurred during the establishemnet of certain policies 
pertinent to the execution of the EEVT experiment. 

Documents concerning the issues are presented in the following order: 

1, The possibility of mixing latex spheres with kidney cells as standard 
electrolcinetic markers . 

2, Tube breakage and the potential fo the development of leaks and bubbles. 

3, Effects of the shape of the sample gate on the electric field and the 
outward migration of cells — M, Reynolds, 

4, Suggestions for reducing electroosmosis by decreasing the diameter of the 
sample — J, 0. N, Hinckley, 

5, Predictions of the effects of modified sample dimensions on electroosmotic 
band spreading — F, J. Micale. 


1. THE POSSIBILITY OF MIXING LATES SPHERES WITH KIDNEY CELLS 

Spheres mixed with monolayers of kidney cells were found to be 
unrecoverable from the cultures. This finding was consistent with published 
observations that cultured cells grown in the rpesence of 1 million latex 
particles/ml medium incorporate the spheres into the cytoplasm by phagocytosis. 

Parks, et al. : Proc, Natl. Acad. Sci, __76_, 1962 (1979), 

Veomett et al.: Proc. Natl, Acad. Sci. 71 , 1999 (1974). 
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2. TUBE BREAKAGE AHD LEAKAGE 

Two additional possible sources of on-board difficulties were discussed. 

Electrophoresis tube breakage has bo be taken somewhat more seriously than 

in the past. One tube has already broken in the laboratory in the abssnce 

of unusual stresses while it was empty. Judging from the natur3 of the 

fracture (it showed concoidal fracture surfaces) there gMXXK must have 

been a flaw in the tube created during fabrication. It is recommended that 

after fabrication, tubes be subjected to optical ;analysis, such as 

UV schlieren testing or whatever quality control testing is traditionally 

done by glassblowers when glass parts are fabricated for critical or 

high-stress applications. Several tubes that were processed on Apollo 

14, Appollo 16, and ASTP developed bubbles. It is suggested that the 

formation of bubbles might be due to the evapoartion of water following 

its diffusion through the plastic containers, especially those with 

thin walls (bags) used for electrode buffer recycling. Water diffiusing 
air 

out and gKK diffusing in while liquids are held in plastic is a relatively 
common problem. Perhaps measures that retard this process would help 
prevent bubble formation in electrode buffer in future experiments. This 
notion should be tested in the laboratory very soon, bu simply letting 
water (or buffer) stand in the system for a few days and turning it on 
as if in a run. The bubbles which may have formed, however, might not have 
the same effect on the earth's surface as in microgrea/ity , for the simple 
reason that the principal force on bubbles at 1 g is buoyancy, whereas the 
principal force in orbit is electrophoresis, which would sweep bubbles 
to one end of the electrophoresis tube from the electrode buffer compartment. 


Reply to Atlrs of. 


SD5-81 -MR-02 



Dr. F. J. Ml cal e 

Center for Surface & Coating Research 
Sinclair Laboratory, Bid. 7 
Lehigh University 
Bethlehem, PA 18015 


v.n#- 


2 3 


iuO 4 


Dear Dr. Mlcale: 


This Is to confirm our conversation yesterday on Dr. Paul Todd’s visit with 
you at Lehigh University on Feb. 5, 1981. 

We would like to have the following areas discussed: 

1 . Sample Slide Size 

Enclosed is a cross section sketch of the'current sample slide in 
relation to the delrin sleeve and glass electrophoresis column. The current 
sample size is 0.188 inches, the sketch reflects a possible larger opening 
of 0.240 inches. Our experiments have demonstrated that we can gee -3 ter" 

\So JJ-rS'Tnmes more cells in this larger diameter. We would appreciate your 
views on the feasibility of increasing this opening, and the problems 
related to such an increase in size. 


2. Coating Procedure 


We would like you to go over in detail the coating procedure for 
the glass tubes. In particular how you determine the electroosmotic values 
for the tubes.' 


3. Mobility Data 




^ y- We hope that you’ve had time to run our mobility data that v/c 

* Between your results and Dr. Todd’s wo should bo able to determine the 
length of time we need to run the kidney cells on EEVT. 


.V)’ 




4, Latex Bead-Red Blood Cells 




There have been some discussions on the feasibility cf running 
some of your latex beads along with red blood cells as markers in EEVT. i LV> 
What do you think of this idea? 


We hope that you and Dr. Todd will have enough time to discuss all these 



areas. We really appreciate you taking the time to help us make EEVT a 
success. Thank you again for your help. 


Sincerely, 



Michael A. Reynolds, Ph, D. 
Biomedical Applications Branch 


cc: 

Dr. P. Todd, Penn State 
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APPENDIX B 

A Gel-Halo Sample Pellet! the best of both worlds? Stubby Zones without a 
Constricted Sample Gate . by J . 0. N. Hinckley 

This reduces cell quantity, in the same way as does a narrower bore sample 
gate, The cells are confined to the center of the gate, inside a halo of 
electrolyte (D-l buffer, here) immobilized by gel, which halo mechanically retains 
i:he ice pellet in position prior to thaw. The gel halo can be retained by the 
same gentle ridge as is contemplated for the ice pellet, and the ice pellet can be 
likewise retained within the gel halo. 

The gel should be a very low EEO agarose, made up in D--1 buffer to have identical 
conductivity. It should be cast in the gate. The hole in the gel for the ice 
pellet could be made by a cast preform, removable on insertion of the ice. Further, 
the rear of the gate could be a continuous agarose film, further retaining the cells 
from contact with the rear of the gate and the Spectrapore/agarose/fit assembly, 
if desired. The pellet is inserted or frozen in situ (nb gel behavior on freezing 
etc - but bearable, or use a glycol-loaded gel). 

The current lines now go straight through the gel, and there are no corner 
backwaters or field problems. However (see under f leld-bending below), there 
may be merit in ensuring that the thawed pellet has a conductivity similar to the 
halo, event if this differs from the bulk D-l conductivity in the column. 
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Electroconvection 

This occurs in free solution electrophoresis, in the experience of Philpot 
(1971 personal communication, 1973 in print briefly), and follows from field theory: 
according to Gauss-Coulomb's Law a variation in space of field strength must 
give rise to a local non-neutrality. The effect is observable in non-uniform 
electric field, where it is a source of leakage current in liquid transformer and 
high voltage insulating oils, and can even be used as an adjunct cooling circulation. 
(One would therefore expect it as a disturbance in dielectrophoresis, Pohl's method). 

Wherever there is a non-uniform field, we should be alert for electroconvention 
and dielectrophoretic effects (negligible compared with electrophoresis in DC and 
uniform fields) . Electroconvection is related to EEO - just that in EEO the non- 
neutraility is due to adsorption equilibria between wall and bulk solution, rather 
than due to field non-uniformity. 

The rule is avoid non-uniformities of bore e.g. sample gate, if narrow. Why 
look for trouble? 

Entrainment and stubby zones . 

This spectre I conjured up in 73/74 alo, and suggested its relation to the 
waisting and bullet heads of Apollo 16 runs, which did not seem all so parabolic, 
but rather like gobs of chewing gum slowly detaching . 

in that any charge difference (cf. EEO) between clear buffer and a zone of 

cells would give rise to an electrconvective situation, where it is less energetic 
for a zone to travel through clear buffer as a single quasi-macro-particle than 
for each cell to swim through its own fluid medium surrounding it. Thus liquid 
would be entrained by the zone, if there was buffer in hydraulic parallel. That 
is, a stubby zone could perhaps entrain buffer, and as it moves forward, the 
counterflow would be peripheral to the zone rather than intrazonal and equally 
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integrated across the tube section. Or, regard suspension as cosity, cohesion, 
a hecting slip-pla 

I do not know what the figures would be when plugged in, or if this is real. 

But it might be nice to know, before we get too deep into stubby zones . Con- 
ventional zones across the whole lumen section might be a safer conservation choice. 
field- bending, and stubby zones, and the gel-halo 

Another effect of both stubby zones and the gel-halo idea is this. Cells tend 
to be electrically insulating, so replacement of some of a volume of buffer by a 
similar volume of suspended cells would reduce the conductivity of the buffer, in 
some proporation to the concentration of the suspension. Therefore, a stubby zone 
distorts its local electrical field (leading to electroconvention, etc?), which in 
turn affects the migration speed and pattern. I’ll be that one didn't get into 
the computer programs. It applies to the gel-halo concept - which is why I think 
the halo should be made to have the same conductivity as the thawed pellet. 

Such field -bending may also be involved in the Apollo 16 anomalies. 

The effects of field-bending on a stubby zone are anticipated in the picture; 
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FJ. Micale 

Associate Professor of Chemistry 



Center for Surface mu! Coatings Research lift S' ' n - ” ” _■ 

Francis MacDonald Sinclair Memorial Laboratory 7 * ’ O J ““ y J, #*j' 
Bethlehem, Pennsylvania 18015 
telephone (215) 861-3596 


March 2 7 , 1981 


Dr. Mika Reynolds 
SD5-80-MR012 

Johnson Space Plight Center 
NASA RD #1 

Houston, Texas 77058 
Dear Mike: 

Enclosed are the results of the computer calculations 
for a simulated distribution of kidney cells (enclosed) . 

The calculations were made for different values of electro- 
osmotic flow, U os , and ratio of sample diameter to channel 
diameter, R. Results are also available (not enclosed) as 
a function of time. A copy of these results are being sent 
to Paul Todd. 

Call if there are any questions. 

Best regards. 


Sincerely, 

P. J. Micale 


FJM/kd 

enclosure 
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Evaluation, of Results of Cell Electrophoresis Experiments 
on Space Shuttle STS-3 including Pre-Flight and Post-Flight 
Laboratory Experiments 


Semi Annual Progress Report 


Contract MAS 9-15584 


Paul Todd 

403 Althouse Laboratory 
The Pennsylvania State University 
University Park, Pennsylvania 16802 


This special report emphasizes Shuttle experiment results, including relevant 
pre flight and post flight laboratory experiments and calculations. It therefore 
includes work of Marshall and Johnson Space Centers integrated into the data 
and narrative. Introductory sections for example, were mitten in part by 
R. S. Snyaer 



INTRODUCTION. 


5* , \*** 

In free fluid zone electrophoresis experiments in the microgravity environment 
of space, sample and equipment complexity has increased from electrophoresis of 
soluble dyes on Apollo 14, polystyrene latex on Apollo 16 2 and viable cells on 
the Apollo-Soyuz Test Project (ASTP) 3 * 1 *. Zone electrophoresis in cylindrical 
columns has been the method of choice because basic phenomena of electrophoresis, 
electroosmosis and any second-order fluid disturbances could be evaluated by 
photography and post-flight fraction analysis. 

The ASTP experiments which fractionated viable cells, introduced considerable 
experimental and equipment difficulties. The biological samples were taken into 
space as frozen disks to assure both biological viability during pre-flight storage 
and sample conformation at the beginning of electrophoresis. The columns were 
frozen after electrophoresis to preserve the positions of separated biological 

cells and to preserve the cells for subsequent post-flight analysis and culturing.^ 

u 

The use of multiple columns required a separable connector between the electrode (] 
buffer circulation system and the electrodes of the individual columns, as shown 
in Fig. 1. Electrode buffer circulation was required to carry electrode gases to 
the phase separators. All operations on the ground and in space were done without 
introducing microbial contamination as proven by the sterile culture of kidney 
cells sustained after the flight. All systems, however, did not work in flight 
for all experiments, and the Electrophoresis Equipment Verification Test (EEVT) was 
designed to repeat the most promising parts of the ASTP experiment with equipment 
that had been more thoroughly operated and tested in the laboratory before flight. 
The equipment worked as planned in space during the third Space Shuttle mission 
(STS-3) , and photographs of the two columns with red blood cells were obtained. 
Information on the final distribution of the human and rabbit cells was lost 
when the frozen columns melted before sections could be cut and analyzed. | 

This report analyzes the photographs and describes the pre-flight and post-flight 
experiments that were done to understand the resulting data. 
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BACKGROUND 

Review of Relevant: ASTF Observations . 

The column electrophoresis experiment conducted on the Apollo-Soyuz 
Test Project (ASTP) was intended to separate model particles and biological cells 
by zone electrophoresis in the microgravity environment of orbital flight. The 
model particles, aldehyde-treated red blood cells from rabbit, human and horse, 
were used to test the column coating procedures developed to eliminate elec troosmo tic 
fluid flow and to emulate the inter-particle aspects of an electrophoretic separation 
without the added technical problems of sterility, cell viability, and particle 
heterogeneity. Additional columns contained human peripheral blood lymphocytes, 
cultured human embryonic kidney cells, and native red blood cells. Each experiment 
was performed in duplicate to determine reproducibility of cell fractionation. 

Only two columns from the four space experiments (eight columns) yielded results 
that encouraged further investigation: an enhanced urokinase production was 

measured from specific fractions of separated kidney cells, and good photographs 
of the fixed red blood cell separation showed the absence of electroosmotic fluid 
flow. Nevertheless, neither of these experiments were without deficiencies. The 
two freeze-thaw cycles of the kidney cells substantially reduced cell viability, 
and the urokinase analyses were made with very few cells. Kidney cells were also 
found, unexpectedly near the point of sample insertion. This was not expected 
on the basis of ground-based mobility measurements, thus the cells may have been 
retarded while leaving the insertion slide. The frozen column of red blood cells, 
whose separation was photographed in space, fractured while in the slicing 
apparatus. Frozen disks containing the blood cell fractions which could then be 
reconstructed to give a profile of the red cell papulations were therefore not 
obtained. A knowledge of the precise to explain photographs which showed a 
distinct leading band of cells (presumably horse) followed by a broader band of 
mixed cells (human and rabbit). 


Objectives of REC Experiments on STS-3 


The objectives of the red. blood cell experiments on ASTP were to V 

provide a visual check on the electrophoretic process and especially electroosmo tic 
flow in space as well as to provide test separations of non-degradable standard 
particles for comparison with the separations of the three viable cell types 
studied on ASTP. Since electroosmosis was minimized in the ASTP columns and was 
not considered a problem for the Shuttle experiment, the objective of the reflight 
EEVT was less technical and more scientific in its scope. Determination of 
the maximum concentrations of cells that can be separated in column electrophoresis 
was a significant goal. Two of the eight columns were available for red cell 
experiments, so two concentrations of human and rabbit RBC mixtures were used. 

During ASTP, dimensions of the column and sample insertion slide were chosen 
on the basis of compromise. The column internal diameter of 0.625 cm could not 
be increased without increasing the radial gradient of temperature and temperature^ 
dependent parameters such as viscosity and conductivity. The column length was 
suitable for the range of cell mobilities, the moderate applied electric field 
(~15 V/cm) and the available electrophoresis time interval (one hour). The 
cylindrical sample insertion disk was 0.476 cm diameter and 0.318 cm thick. The 
diameter was made less than the internal diameter of the column to minimize the 
influence of any residual electroosmotic fluid flow at the column wall. The 
thickness was chosen on the basis of compromise that provided enough cells to 
be fractionated and collected and grown in culture, and adequate resolution of 
separation. 

The number of fixed red blood cells loaded into each 0.06 ml sample slide 
on ASTP was 5.2 x 10 6 rabbit, 3.4 x 10 s human and 7-3 x 10 6 horse ceils for an 
overall concentration of 2.6 x 10 s cells/ml. The EEVT experiment compared the 
electrophoretic behavior of this concentration of cells with that of cells 10 


times as concentrated. 
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Human and rabbit cells were selected because they are of similar size not 
different mobility, and the concentration effect could be established with two . 

species. Although horse cells as used on ASTP or cat cells which were available 
for STS-3 have substantially higher mobilities than human cells, they have 
substantially higher mobilities than human cells they have a significantly smaller 
size, and adding them would add another, factor to the analysis, so a third ceil 
type was not used. The human and rabbit cells are easily separated by continuous 
flow electrophoresis at concentrations of 2 x 10 s cells/ml as Fig. 2 shows. 
Continuous flow electrophoresis has also separated fixed red blood cell populations 
(cow and turkey) at 10 s cells /ml, although the separated bands are broad due to 
effects such as droplet sedimentation 5 . Density gradient gradient electrophoresis 
is also limited by droplet sedimentation at RBC concentrations around 5 x 10 s 
cells/ml 6 . Thus, one EEVT sample slide had a total of 2 x 10 8 cells/ml and the 
other slide had 1 x 10 9 cells/ml with equal numbers of fixed human and rabbit cells 
in each slide. Each erythrocyte has a biconcave discoid shape with a volume of 
about 90 cubic microns. The volume concentration of 1 x 10 9 cells/ml is thus 
approximately 10 %, and 2 x 10 a cells/ml occupies 2% of the starting buffer volume. 
Thus cell migration and separation were studied at two starting concentrations. 

Objectives of Kidney Cell Experiments on STS-3 

Only one column on ASTP yielded separated, live human embryonic kidney 
(HEK) cells. The fractions each contained very few cells, and cell viability 
was extremely low. Nevertheless, post-flight evidence was found for the existence 
of electrophoretic fractions enriched in cells that produce urokinase (UK) , 
erythropoietin (ESF) or granulocyte conditioning factor (HGCF) 3 ’ 4 . The 
objectives of the EEVT experiment were to evaluate the reproducibility of 
of microgravity electrophoretic separation of living cells, to separate cells 
with highly viability despite two freeze-thaw cycles, and to optimize the physical 
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conditions of cell separation. Owing to the uncertain heterogeneity of the 
starting material the experimental design does not assess resolution in micrograviQ 
but improved separability was sought in comparison to density-gradient electro- 
phoresis 7 or continuous-flow electrophoresis, as in Fig. 3. which shows distributions 
of cells and UK activity after separation of HEK cells in McDonnell-Douglas 
Continuous Flow Electrophoretic Separator. 

Effort t re made to increase cell yield and cell viability in the EEVT 

experiment and to assess reproducibility directly. An increase in cell yield 
was achieved by increasing the sample volume by -30% -compared to ASTP apparatus 
by increasing the sample-holder diameter to 0.584 cm. Viability was increased by 
the use of "D-l" buffer, in which the cryprotectant was DMSO rather than glycerol 
as was used in "A-l" buffer on ASTP. Reproducibility was to be achieved by using 


G identical columns. 
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ANALYSIS OF ELECTROPHORESIS EXPERIMENTS 
ON SHUTTLE FLIGHT STS-3 

1. Pre- flight characterization, of fixed human erythrocytes 

Table 1 lists some pertinent measurements of the electrophoretic mobility of 
glutaraldehyde or formaldehyde fixed human RBC*s in D-l buffer and saline. A 
general value of 2.60 + 0.15 (+ S.D.) seems to apply. This is higher than that 
determined at MSFC, as indicated in Figure 4. The expected values in saline and 
the expected dependence of mobility on pH do not reveal unique features of the method 
of measurement that would explain the discrepancy readily, 

2. Pre- flight characterization of fixed rabbit erythrocytes 

Table 2 lists some measurements of fixed rabbit SBC electrophoretic mobility in 
D-l buffer. In all cases the fixation utilized glutaraldehyde, and a reasonable value 
was found in saline. Generally, the mobility in D-l was 1.70 Hr 0.22 pm-cm/V-sec. 
Figure 4, however, favors mobility of formaldehyde- fixed rabbit RBC's in D-l of about 
1.45 pm-cm/V-sec. 

7 

3. Pre-flight characterization of human embryonic kidney cells 

Numerous experiments were performed in which early-passage human embryonic 
kidney cell strain HEK-8514, passage 5, were subjected to density gradient electro- 
phoresis and/or microscopic electrophoresis. Figure 5 shows that the distribution 
is very broad, has a mode around 1.3, and is slightly narrowed and shifted downward 
by trypsinization. 

4. Conclusions concerning RBC mobility measurements 

Mobility in D-l is consistently higher than in A-l, but only by 0.1 - 0.2 unit. 
Mobilities measured in saline are in agreement with published values. The lowest 
human RBC mobilities in D-l were 2.31 and 2.35; these were made in D-l without DMS0, 
in Cytopherometer and Pen-Kern, respectively. The range of reliable mobilities of 
formalin-fixed human RBC's is 2.54 - 2.79. Deriving mobilities from whole velocity 
parabolas does not increase the measured mobility. If anything, mobilities determined 
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from parabolas are 0.1 - 0.2 unit less. Glutaraldehyde-fixed cells do not have 
higher mobility than formalin-fixed cells. 

5. Pre- flight determination of electrophoresis column resistances 

Figure 6 is a sketch of the measurements used in determining resistances of the 
various column components. Using these dimensions and K = 1.05 mmho/cm and 0.762 
mmho/cm at 23°C at 10°C, respectively, the component resistances are, 
for the glass column at 23°C: 

R - 15.0 cm ^ = 45.11 k£2 (1) 

1.05 x 10“ J mho/cm x hji CO - 635 ) ^ 


( ) 

JC 


for the dummy slide at 23h;C: 


R = 


0. 3226 cm 


= 9.04 kil 


1.05 x 10 -a mho/ cm x -dl (0.208)' 
for the sample slide at 10°C: 


R = 


0.3226 cm 


= 1.45 kiH 


0.762 x 10 -3 mho/cm x (0.610) 2 
for the electrode chamber at 23 ^C: 


R = 


0.75 cm 


= 2.15 k! 


( 2 ) 


(3) 


(4) 


1.05 x 10” 3 mho/ cm x %K (0.65G}~ 

and, by difference, for the membranes between both electrodes and the column: 


R (2 mem) =■ V meas - 45.11 - 9.04 - 2.15 = 13.7 
I 


(5) 


From these calculations and the conductivity of the flight buffer at any 

temperature, general formulae were developed for the column resistances. With a 

dummy slide in place: = — - ^ "** -^.74 (6) 

It 


c 


With a sample slide in place: ^qt = ^2.98 4- 13.74 


( 7 ) 


for conductivity, K, in mmho/cm. 


K 
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The electric field strength in the column must always be calculated from 
the relationship 

E = I/KA 

using the conductivity K rather than the voltage across the column. If there 
is a bubble in the column, for example, or any other discontinuities in con- 
ductance, the total column resistance does not reflect the conductivity at the 
position of the ceils, where the field must be known. Considering the assembly 
as resistors in series. 


= + + where R^ = electrode compartment resistance 

K.£ = column resistance 
R c = 1/KA 

R = sample slide resistance 

O 

Under ideal conditions 

R c = R T - 2 R e - R s = (1 - ZRg/Rg - )R t = CR t 

where C = constant, so a measurement of the total column resistance R^, and the 
length of the column 1 will give the average field strength throughout the 
column 

E - V c /1 = IR C /1 = XCR T /1, 
which is the same as E = I/KA. 

y 

But if a buble is introduced a new resistance is added to the circuit, and 
Rfp = + Rg -f + Rg where = bubble resistance 

then R c = CR^, - R£ 

and V c * ICR t - IRg 

where the value measured in flight is V T = IR , which will be high, and not 
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proportional to V . The true field strength will be 

Lf 

E = ICR t /1 - IRg/lg 

where 1 = length of the bubble. This is not the same as E given above. If 
a bubble is present, the measured voltage on the EEVT apparatus cannot be used to 
estimate field strength. Unless it can be ascertained with certainty that a 
particular column did not contain a bubble, its field must be calculated from 
E = I/KA using the best value of K for that column, determined before flight and 
corrected for inflight temperature using the empirical formula, equation (7) , 
and the conductivity-temperature curve of Fig. 7. 
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6. Pre-flight determinations of electrophoresis column conductivities 
Individual measurements on the columns loaded for flight indicated that the ; 

conductivity of the buffer in each column was different. This was explained by 
differential degassing of the solutions in each column and differential water loss, 
resulting in different electrolyte concentrations in the different columns. The 
conductivities were measured at various temperatures, and the resistance of column 
#067 was measured at two temperatures to obtain D~1 conductivity-temperature curves. 
These curves were scaled, as shown in Fig. 7, for purposes of predicting column voltages 
in each case under the conditions of flight, when T = 12-14 °C. The conductivities 
were calculated using Equation (6), and they are shown in Table 3 at the temperatures 
at which they were measured. 

7. Pre-flight predictions of column voltages during flight 

From the conductivity measurements and the temperature curve of Fig. 7, applied 
to equation (7), the expected column voltages at 12°C and 14°C during flight were 
calculated. These are summarized in Table 4, along with the electroosmotic mobilities 
of the corresponding columns for later use in predicting band roigration. 

8. Pre-flight predictions of cell migration profiles 

The electrophoretic mobility distributions of Figs. 4 and 5 were used, 
along with the electroosmotic mobility values in Table 4 to estimate the distances 
specific parts of the cell bands in each column would migrate. The expected 
positions of the foward and rearward boundaries of the cell bands are included in 
Table 5, and diagrams of the band profiles expected at the end of 60 min are in 
Figure 8. 

9. In— flight observations of column voltages 

Figure 9 summarizes column voltages at every minutes during the operation of the 
6 columns that contained HEK-8514 cells. The legend at the right end of the figure 
shows the plotting symbols and the predicted voltages for each of the numbered columns. 


A steady voltage rise was seer, in three of the colurcns, implying that heating by 


o 


the current may have been expanding a bubble of significant diameter compared to ^ 
the column. With twc exceptions the voltages ended higher than predicted. Tables 
6 and 7 summarize the in-flight voltages of columns 019 and 049, respectively. 

These columns contained fixed red cells and were photographed with thermal cover off 
every 10-12 min. These times are denoted by asterisks (*) , and small voltage and 
temperature excursions can be seen, especially as plotted in Figures 10 and 11. Under 
these conditions one would expect variable cell migration rates. 

10. In-flight observation of cell migration 

When astronaut voice-downs of the cell migration distances were heard, it 
was determined that the fixed RBC's did not migrate as far as expected, they did not 
separate into two distinct bands, and the migration rate may not have been constant. 

The data are shoxm in Fig. 12, and drawings of the cell bands from the photographs 
that were taken during flight are shown in Fig. 13 and 14. These, too, reveal that< ; ~ j 
the cells did not migrate as far as expected and that they did not form two distinct^ 
bands . 

11. Analysis of column photographs 

Negative photographs of the columns were scanned along a position just off the 

center of the projection of the long axis of the column using a film densitometer (Fig. 1 

which produced a strip-chart record of uncalibrated light transmission vs. uncalibrated 

position. Densitometer readings were listed numerically, and absolute distances 

were established using Risso marks on the camera and the positions of landmarks such 

as column thermistors. These numerical readings are listed in Tables 8 and 9, as 

a function of time, for the two columns. 

Pairs of these optical scans were analyzed using a program in BASIC/RT-11 which 

matched the scans along the axis of migration, normalized them, and subtracted one 

from the other. Usually, as in Figure 16, a scan of the baseline is determined . ^ 

vL- 


at 11 min, before cells appear, and displayed as a solid curve. The scan, containing 
a cell band is displayed as a dotted curve. The baseline has considerable structure, 
owing to the reflectance of the column and the method of illumination. The difference 
appears as a broad peak of relative light absorption vs. column position. 

Figures 17 and 18 show optical absorption profiles as a function of time for 
colums 019 and 049, respectively. As previously noted, migration was not as rapid 
as expected, the cell bands were not sharp, and there is a lack of clear structure 
in the absorption profiles that is evidence of human and rabbit cell separation. 

12. Comparison of results and redictions 

In Table 10 the predicted 52-minute migration distances of human (y = 2.05 Urn - cm/ 
V-sec) and rabbit (y = 1.45 ym - cm/V-sec) cells (Figures 1 and 2 in columns 019 
and 049 are compared with the positions of the leading and trailing edges of the 
observed, optically-scanned cell bands (Fig, 17 and 18). The cells did not migrate 
as far as predicted. 

13. Post-flight analysis of buffer effects 

The conductivities of the columns were variable because the electrolyte concen- 
trations were variable owing to the buffer degassing procedure during pre-flight loading 
of the columns. The ionic strength was therefore different in each column. The 
cell mobilities measured in D-l buffer would therefore not apply under the conditions 
of the flight experiments. Laboratory values of human and rabbit (and rat, which 
is similar to human) fixed erythrocytes' mobilities are plotted against ionic strength 
in Fig. 19, using pre-existing laboratory data. The ionic strengths and conductivities 
of the media used are shown in Table 11. To enter Fig. 16 to obtain mobilities it was 
necessary to determine the ionic strengths of the buffers in columns 019 and 049. 

From their conductivities at 25°C, namely 1.306 and 1.142 ramho/cm, respectively, de” 
termined from Fig. 5, and the plot of F/2 vs. K for D-l in Fig. 17, the ionic strengths 
of the two columns were estimated to be 0.0237 and 0.0190, respectively. From Fig. 16 
corrected mobilities are found as given in Table 12. The validity of these mobilities 
in the orbital experiments is based on the relative insensitivity of mobility to 
temperature changes. 
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Table 1. Human RBC mobilities 
corrected to the viscosity of water at 25 °C 


t 


BUFFER 

D-l, no DMSO 


MOBILITY 
2.31 + 0.18 

DATE 

10/7/81 

CONDITIONS 

D-l, no DMSO 


2.35 


0.15 

8/1/81 

Pen-Kem 3000 

D-l, no DMSO 


2.76 


0.16 

3/10/82 

Seaman cells from MSFC 

D-l 


2.67 

± 

0.11 

3/10/82 

Seaman cells from MSFC 

A-l 


2.54 

± 

0.15 

3/10/82- 

Seaman cells from MSFC 

D-l 


2.59 

a* 

0.15 

3/12/82 

Complete parabola (usual) 

0.145 NaCl, 10 " 4 

NaHCO 3 

1.10 

+ 

0.08 

3/14/82 

Seaman formald. 7/20/81 

0.145 NaCl, 10 “ 4 

NaHCO 3 

1.02 


0.08 

3/14/82 

FSU glut. 10/23/80 

0.145 NaCl, 10 -4 

NaHCO 3 

1.13 

-f. 

0.07 

3/14/82 

pH 6.9 

0.145 NaCl, 10 “ 4 

NaHCO 3 

1.28 

+ 

0.07 

3/14/82 

pH 9.1 

D-l 


2.65 

4 - 

0.15 

3/15/82 

Pool of 274 cells, 4 runs^ 


Table 2. Rabbit RBC mobilities 
corrected to the viscosity of water at 25 °C 


BUFFER 

MOBILITIES 

DATE 

D-l 

1.62 + 0.12 

6/19/81 

D-l 

1.89 + 0.13 

6/30/81 

0.145 .NaCl, 10 ” 4 NaHCO 3 

0.51 + 0.07 

7/8/80 


CONDITIONS 
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Table 4 

Summary of predicted column voltages and electrosmotic 

(pm-cm/V-sec) . 


SERIAL COLUMN 


V (12°C ) 


V (14°C) 


1 

2 

3 

4 

5 

6 
7 


019 

081 

048 

080 

068 

026 

046 


236.8* 

280.6 

302.4 

304.4 

293.4 
254.9* 

302.4 
280.1 


.229.7* 

270.3 

288.1 

291.9 

280.9 
245.9* 
288.1 
268,6 


mobilities 

EE0 


0.023 

0.020 

0.030 

0.023 

0.059 

0.064 

0.075 


8 


049 


0.087 
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Table 5. SUMMARY OF EXPECTED COLUMN VOLTAGES 


MIGRATION 

DISTANCES 


RUN 

COLUMN 

V (12°C) 

V (14°C) 


FRONT 

TAIL 

1 

019 

236.8* 

229.7* 


8.7 

6.8 

2 

081 

280.6 

270.3 


11.6 

6.7 

3 

048 

302.4 

288.1 


12.5' 

7.3 

4 

080 

304. 4 

291.9 


12.7 

7.4 

5 

068 

293.4 

280.9 


12.1 

7.0 

6 

026 

254.9* 

245.9* 


10.3 

6,0 

7 

046 

302.4 

288.1 


12.9 

6.9 

8 

049 

280.1 

268.6 


10.7 

6.6 


(cm) 


* Lower than specified range 
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Table 6. Column temperatures and voltages at one-minute intervals for column 
019 and sample slide 03, 10 9 human and rabbit fixed erythrocytes/ml, ^Indicates 
column uncovered for photography. 


TIME 

TEMP . 

VOLTAGE 

TIME 

TEMP. 

VOLTAGE 

(MIN) 

rc) 

(V) 

(MIN) 

(°C) 

(V) 

0 

ii 

003 

41 

20 

264 

1 

12 

273 

42 

16 

269 

2 

13 

264 

43 

15 

273 

3 

13 

267 

44 

14 

277 

4 

13 

264 

45 

14 

274 

5 

14 

267 

46 

14 

278 

6 

14 

263 

47 

14 

278 

7 

14 

262 

48 

14 

277 

8 

14 

262 

49 

14 

277 

9 

14 

265 

50 

“ 14 

281 

10 

14 

263 

51 

16 

274* 

11 

16 

260* 

52 

19 

264* 

12 

IS 

257* 

53 

16 

273 

13 

15 

256 

54 

15 

272 

14 

14 

262 

55 

14 

277 

15 

14 

265 

56 

14 

278 

16 

14 

265 

57 

14 

278 

17 

14 

265 

58 

14 

280 

18 

14 

269 

59 

13 

005 

19 

14 

267 

60 

12 

005 

20 

14 

265 

61 

15 

005* 

21 

17 

262* 

62 

12 

003 

22 

19 

256* 

63 

8 

005 

23 

16 

258 

64 

5 

005 

24 

15 

265 

65 

1 

005 

25 

14 

264 

66 

-2 

005 

26 

14 

267 

67 

-6 

005 

27 

14 

269 

68 

-8 

005 

28 

14 

266 

69 

-11 

005 

29 

14 

269 

70 

-13 

005 

30 

14 

266 

71 

-06 

003 

31 

14 

273 

72 

-7 

003 

32 

14 

269 

73 

-8 

002 

33 

18 

266* 

74 

-9 

005 

34 

19 

265* 

75 

-11 

002 

35 

18 

263 

76 

-13 

005 

36 

17 

265 

77 

-16 

005 

37 

17 

263 

78 

-18 

005 

38 

17 

273 

79 

-20 

005 

39 

17 

273 

80 

-22 

005 

40 

17 

271 






o 
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Table 7. Column temperatures and voltages at one-minute intervals for 
^ column 049 and sample slide 04, 2 x 10 3 human and rabbit fixed erythrocytes /ml. 
^Indicates column uncovered for photography. 


TIME 

TEMP. 

VOLTAGE 

TIME 

TEMP. 

VOLTAGE 

(MIN) 

(c°) 

(V) 

(MIN) 

CC°) 

(V) 

1 

11 

297 

32 

12 

282 

2 

12 

290 

33 

14 

280* 

3 

12 

288 

34 

18 

274* 

4 

12 

286 

35 

12 

277 

5 

12 

286 

36 

12 

276 

6 

12 

285 

37 

12 

278 

7 

12 

283 

38 

12 

278 

8 

12 

283 

39 

12 

282 

9 

12 

283 

40 

12 

280 

10 

12 

285 

41 

12 

283 

11 

17 

279* 

42 

12 

281* 

12 

19 

276* 

43 

19 

272* 

13 

13 

277 

44 

13 

274 

14 

13 

278 

45 

12 

278 

15 

12 

283 

46 

12 

278 

16 

12 

285 

47 

12 

280 

17 

12 

282 

48 

12 

285 

18 

12 

278 

49 

12 

278 

19 

12 

280 

50 

12 

285 

20 

12 

278 

51 

11 

282 

21 

12 

283 

52 

17 

278* 

22 

18 

277 

53 

19 

277* 

23 

20 

273 

54 

12 

275 

24 

12 

273 

55 

12 

280 

25 

12 

277 

56 

12 

283 

26 

11 

277 

57 

12 

280 

27 

12 

280 

58 

28 

283 

28 

12 

280 

59 

16 

284 

29 

12 

280 

60 

42 

005 

30 

11 

280 

61 

34 

007 

31 

12 

280 

62 

29 

007 




63 

35 

004 
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Table 8. Arbitrary numerical light transmission 

vs . 

position on Column 017. 

f ) 


( DISTANCE (mm) 

TRANSMISSION AT 11 MTN 

22 MIN 

41 MIN 51 MIN 

•„ ... / 

* 

20 

175 

75 

75 

ISO 



21 

20 0 

75 

152 

107 



22 

295 

73 

171 

290 


■ ’ 

23 

3 70 

30 

243 

321 


* 

24 

400 

73 

171 

290 



25 

330 

135 

263 

353 



26 

372 

135 

26 3 

353 



27 

355 

352 

263 

3 45 



23 

365 

370 

245 

345 



27 

370 

386 

210 

345 



30 

373 

400 

160 

314 



31 

360 

381 

123 

290 



32 

3?0 

400 

104 

272 



33 

400 

377 

87 

257 



34 

410 

402 

81 

250 

; 


35 

333 

385 

60 

242 

i 


36 

410 

400 

SO 

236 

_ 


37 

125 

170 

78 

78 



33 

410 

419 

30 

190 



3? 

417 

420 

ao 

178 

i 


40 

432 

440 

7? 

172 

- 


41 

460 

45Q 

78 

170 


: ft - . 

42 

460 

453 

80 

170 



43 

460 

461 

78 

159 

o 

C i 


{ « 

470 

470 

85 

130 


V. 45 

555 

550 

100 

120 


46 

560 

570 

145 

95 

J 

47 

620 

600 

175 

85 


43 

610 

600 

260 

81 



47 

610 

610 

374 

80 

i 


50 

630 

623 

352 

79 



51 

630 

630 

520 

78 


- 

52 

645 

650 

642 

76 



53 

671 

670 

648 

76 



54 

670 

670 - 

662 

76 


: 

55 

625 

627 

680 

80 



56 

645 

660 

63 7 

71 



57 

720 

742 

683 

79 



53 

730 

740 

750 

79 



57 

735 

755 

730 

100 



60 

762 

761 

758 

100 

' 


61 

735 

661 

760 

95 



62 

750 

750 

750 

89 



63 

750 

771 

760 

88 



64 

727 

740 

760 

7ii 



65 

753 

760 

742 

113 



66 

750 

767 

767 

92 



67 

745 

760 

75 3 

165 



6 8 

740 


770 

310 



6? 

( 70 

740 


780 

550 

615 

0 . 


^ 71 




550 










E 
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Table 9. Arbitrary numerical light transmission ts. position on Column 049. 


DISTANCE (mm) TRANSMISSION AT 

11 MIN 

22 MIN 

3 3 MIN 

42 MIN 

52 MIN 

20 

95 

82 

215 

135 

1£0 

21 

95 

82 

1£3 

132 

162 

22 

105 

95 

170 

132 

165 

20 

272 

188 

192 

286 

320 

24 

338 

232 

3 47 

35 0 

391 

25 

325 

222 

350 

3£7 

412 

26 

3 25 

145 

347 

373 

88 

27 

33 0 

1£ £ 

350 

365 

40Q 

28 

335 

192 

350 

364 

4D1 

29 

34Q 

244 

335 

372 

415 

30 

382 

339 

350 

377 

430 

31 

390 

409 

350 

365 

435 

32 

3 50 

3 55 

3 £0 

389 

436 

33 

370 

3 £ 4 

375 

370 

4 42 

34 

353 

352 

3 £7 

3 £ 0 

432 

35 

371 

372 

365 

36 D 

441 

36 

372 

381 

3 £ 0 

345 

435 

37 

370 

3£B 

3 44 

351 

42 0 

3 8 

110 

110 

20 0 

140 

180 

39 

390 

387 

228 

370 

415 

40 

392 

387 

2£0 

371 

400 

41 

410 

403 

330 

3.8 0 

410 

42 

410 

411 

412 

377 

4 05 

43 

418 

42 2 

490 

372 

402 

44 

429 

430 

495 

390 

430 

45 

450 

443 

495 

391 

463 

4£ 

492 

48 £ 

5 £ 0 

422 

500 

47 

50 9 

512 

552 

368 

505 

48 

540 

525 

590 

273 

520 

49 

542 

54 6 

592 

23 0 

537 

50 

551 

535 

£05 

300 

540 

51 

560 

550 

£05 

400 

528 

52 

585 

5£Q 

£3£ 

505 

528 

53 

£0 9 

57 0 

£46 

590 

545 

54 

£17 

580 

£4£ 

611 
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58 
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£25 
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60 
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£70 
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£33 
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£78 
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6 7 

£74 

56 0 
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6B 
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750 

6? 
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Table 10 

Comparison, of predicted 52-minute linear cell migration distances with, positions 
of leading and trailing edges of bands: . 



COLUMN EIELD (L4°C) CELL U X (obs) X (calc) 


019 

10.95 

2.05 

65 

70.0 

019 

10.95 

1.45 

35 

49.5 

049 

13.28 

2.05 

59 

85.0 

049 

13.28 

1.45 

43 

60.1 


Table 11 

Conductivity, K (miuho/cm), and ionic strength, T/2 (M) , for buffers used to 
determine cell mobilities, concentrated D-l buffer, and flight column buffers. 


MEDIUM 

r/2 

K(25°C) 

D-l 

0.015 

0.95 

C-l 

0.030 

1,5 

C-2 

0.015 

0.5 

0.145 

0.145 

12.5 

B-3 

0.007 


B—3 ’ 

0.060 

4.2 

B-3" 

0.120 

9.2 

2XD-1 

0.030 

1.52 

1.5XD-1 

0.0225 

1.29 

1.25XD-1 

0.0165 

1.03 

1.0XD-1 

0.015 

0.97 

019 ' 

0.0237 

1.306 

049 

0.0190 

1.142 
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Figure 3 Electrophoretic profile of living cultured human embryonic kidney 
cells, HEK-8314, and of urokinase-producing fractions separated by 
continuous-flow electrophoresis. The McDonnell Douqlas "CFES" cont inuous- f 1 ow 
electrophoretic separator was used. Left: Number of cells per fraction. 

Right: Cumulative urokinase production by separated cells as a function of 
fraction number. (Morrison and Lewis, 1983) 
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Figure 4, Electrophoretic mobility distributions of formaldehyde-fired rabbit 
and human erythrocytes in D-l buffer as determined using Marshall Space Flight 
Center's Hank microscopic electrophoresis apparatus by measuring velocities at 
the stationary position in a cylindrical chamber at 25 C . 

























MIGRATION DISTANCE, CM 


Figure fl. Predicted ceil distr ibutions at the end of EEVT expisr iments in the 
planned or der or column runs aboard STS -3. HR3C - fined human red blood cells 
RAB =■ fixed rabbit red blood cells. Columns 2-7 contained human embryonic 
kidney cel Is . 
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Figure 9. Voltage readings at each minute during the operation of the six 
kidney-call electrophoresis columns aboard S7S-3. Predicted values (from Table 
4) are shown with the corresponding plotting symbol for each column at the 
right end or the graph. Column 048 continued to operate for over 2.5 hr. 
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Figure 10. Voltage and temperature readinqs at each minute during operation of 
fl.EC electrophoresis column 019 (1.0E09 cells/ ml) aboard STS-3 . The right end 
of the temperature curve shows cooling and treating profile that was 
characteristic of all of the columns. Intervals of reduced cooling capacity 
during photography are indicated by paired vertical bars. 
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Figure 11. Voltage and temperature readings at each minute during operation 
of HEC electrophoresis column Q49 C2.0E08 ealls/mi) aboard STS-3. Expanded 
scales emphasize voltage and temperature excursions during photography, 
indicated by paired vertical bars. 
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Figure 15. Sketch, not to scale, indicating procedure for densitometer scanning 
and determining positions of scan on photographic negatives of electrophoresis 
columns. Scans were off center to avoid Risso marks of camera lens. Electrode 
blocks and Risso mark (at 3B.Q mm) were used as landmarks. 



MIGRATION DISTANCE, MM 

Figure 14. Relative transmittance as a function of column position on 
densitometer scans of inflight photographic negatives. The procedure for 
extracting relative absorption data is illustrated. In this case, a scan at 11 
min (no cells present) is used as baseline and normalized by computer to equal 
the relative transmittance of the 52 min scan at both ends, where cells are 
also absent. The two distributions are shifted horizontally, if necessary, so 
that the di scont inui t ies due to Risso marks coincide. The two scans are 
subtracted to give relative absorption as a function of distance. 



RELATIVE ABSORPTION 


COLUMN 019 


22 MIN 


41 MIN 


51 M 


0 10 20 30 40 50 60 70 80 90 !00 

MIGRATION DISTANCE, MM 


Figure 17. Relative absorption as a function of column position as determined 
from densitometer scans of negatives of ' photographs of column 01? (1.0E09 cells 
per ml) after 11 , 41, and 51 min of operation during STS-S flight. 
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Figure 18. Relative absorption as a function of column position as determined 
from densitometer scans of negatives of photographs of column 04? (2.GEQ8 cells 
per ml) after 22, 33, 42, and 52 min of operation during STS-3 flight. 
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IONIC STRENGTH, G-IONS/L 

Figure 1?. Electrophoretic mobility of ixiisd Jiuuait, rat, and rabbit 
erythrocytes as a function of ionic strength in various buffers (Table 11) 
using pre-existing laboratory data. 
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ELECTROPHORETIC PURIFICATION OF CELLS IN SPACE: 
EVALUATION OF RESULTS FROM STS-3 - 
Burton E. Sarnoff, M. Elaine Kunze, and Paul Todd* 

Processes under consideration for zero-g manufacturing 
in space include electrophoretic purification of cells 
and molecules for pharmaceutical application. The ab- 
sence of convection and sedimentation at zero-g permits 
up to 400-fold improvements in purification efficiency, 
because higher field strength and particle concentrations 
are possible. An electrophoresis experiments ( M EEVT" } 
performed on Space Shuttle Flight STS-3 had as its goal 
the investigation of the electrophoretic behavior of 
animal ceils in suspension more concentrated than pos- 
sible on earth. The results of this collaborative ex- 
periment with Marshall Space Flight Center and Johnson 
Space Center investigators were evaluated by simulating 
the conditions of temperature, ionic strength, and buf- 
fer composition (but not cell concentration) in labora- 
tory electrophoresis experiments. The resulting labora- 
tory values of electrophoretic mobilities were compared 
with those determined by computerized analysis of in- 
flight photographs taken during two separate experiments 
at 11 -minute intervals by the STS-3 astronauts. The com- 
parison of laboratory results with STS-3 results indicates 
that zero-g electrophoresis of very high cell concentra- 
tion (lx 10 3 cells/ cm 3 ) is possible and not unexpectedly 
different from the electrophoresis of normal cell concen- 
trations at unit gravity. 


INTRODUCTION 

When placed in an electric field, particles with a net electrical surface 
charge experience a force proportional to their surface charge density. 

If biological samples are placed in a liquid conducting medium, they 
migrate under the influence of this force. Since different types of 
biological cells may have different surface charge densities a mixture 
of such cells can be separated by observing their migration distance in 
a timed experiment. This principle, cell electrophoresis, is under con- 
sideration for commercial applications. 
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An electric field in a conducting medium gives rise to an electric 
current which in turn produces Joule heating. On Earth such heating 
gives rise to convective mixing which limits the resolution of cell type 
separation. Droplet sedimentation, another problem encountered in earth- 
bound experiments, occurs when solute molecule diffusion causes localized 
density instability of cell -containing fluid zones (higher density fluid 
above lower density fluid which leads to the rapid settling of cell- 
containing droplets). This limits the cell concentration that can be 
used. In a microgravity environment, these two problems are avoided. 

Electrophoretic mobility, y, is defined as the velocity of cells in me- 
dium per unit electric field; the units are customarily ym/sec per 
volt/cm. Mobilities in different media and temperatures can be compared 
by making appropriate viscosity corrections. 

Earlier space experiments, such as those on Apollo 14, Apollo 16, Skylab 
4, and the Apollo-Soyuz Test Project 1- *', indicated that separation by 
electrophoresis was possible in the microgravity environment. Various 
equipment problems resulted in the design of another detailed experiment ^ 
to establish future space bio-processing procedure. The Electrophoresis 
Equipment Verification Test (EEVT) was flown on Shuttle flight STS-3 in 
March, 1982. 

PROCEDURES 

The Electrophoresis Experiments aboard STS-3 ^ 

Eight cell samples were aboard STS-3 for the EEVT. Six were Human 
Embryonic Kidney (HEK) cell cultures. Two were mixtures of human and 
rabbit aldehyde-fixed red blood cells (RBC). The medium was D-l buffer, 
a solution of water, salts and glucose with five percent DMSO added as 
a cryopreservative. s 

Figure! shows the Electrophoresis Unit and its stowage on the Shuttle. 

Fifteen cm glass tubes with inside diameter of 0.635 cm were filled with 
D-l at Kennedy Space Center. The cells were frozen in 0.318 cm thick 
sample slides and stowed in the cryogenic freezer before launch. Astro- 
nauts placed each glass electrophoresis column with its associated elec- 
trode chambers in the electrophoresis unit. The frozen sample slide was 
inserted at the cathode (left) end. Figure 2 shows the arrangement with 
the slide thumb grip just below the leftmost Rizzo mark. During opera- 
tion, a thermoelectric cooling cover was placed over the column to com- 
pensate, for the Joule heating and therefore to maintain constant tempera- 
ture. The cover was removed at ten minute intervals, and the progress of 
cells was photographed. Figure 2 shows a series of such photographs for 
the column labeled 049, which contained 2 x 10 8 erythrocytes/ml in its 
sample slide. The other RBC column, QT9, contained 1 x 10 s erythrocytes/ 
ml. The RBC columns provided a control from which to assess the migration/^ 
of the kidney cel 1 s. - Ki dney cell mi gration caul d not be observed directly 
because they are transparent. The applied electric field was 13-17 V/cm 
during each 60 min experiment. After electrophoresis,- all columns were 
frozen to maintain position and structure of the cell bands. The frozen 
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Fig. 1. Electrophoresis equipment used on STS-3. Reprinted by 
permission of Dr. D. Morrison. 


columns were to be sliced, and cultures were to be grown from separate 
bands of HEK cells, as purification of the cell type that produce high 
levels of the kidney enzyme urokinase, which activates the dissolution of 
blood clots, 6 was the goal. The freezer that was used to transport the 
columns to Houston lost its liquid nitrogen coolant charge. The columns 
thawed and materials for post-flight processing were lost. 5 Thus photo- 
graphic, voice-down, temperature, voltage, and preflight observations 
were the only data that remained for analysis. 
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Series of Column 049 photographs. Elapsed time from beginning 
of run in minutes is on right side. A thermistor is located 
in the column glass at 7.5 cm. 


Microdensitometer scans of the column photographic negatives were taken 
0.2 mm wide just beside the centerline of the columns. The density pro- 
file of the first photograph of each series (in which cell bands were 
absent), provided the baseline for computerized analysis of cell band 
densities in the column. Figure 3 shows the optical absorption analysis 
for Column 049 at different times. The light-absorption peak rises as 
it progresses because of the nonlinearity of the film and the presence 
of glare on the column surface. Given a column current of 3.84 mA and 
voltage about 290 V, the cell bands were expected to migrate about 30 mm 
farther than observed. Voltage readings were lower than the specified 
range, indicating column conductance higher than predicted. 
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Fig. 3. Computer analysis of microdensitometry data from photographic 
negatives of Column 049, showing cell band positions. The 
small spike at 37 mm corresponds to the Rizzo mark at 37 mm in 
Figure 2. 

Retrospective determination of the applied electric field 

Prior to filling the columns the D-l buffer was degassed in a vacuum. 
Unfortunately, this procedure also removed water, and concentrated the 
salts, thereby raising the conductivity of the buffer. Each column was 
under vacuum for a different length of time, so each had a unique con- 
ductance. The concentration of solutes in Columns 019 and 049 is esti- 
mated to have been between 1.0 and 1.25 times the standard D-l concen- 
tration of all sol utes. 

Analysis of in-orbit voltage and temperature data provided values of 
the originally unknown conductivities ' of the buffer in Columns 019 and 
049. Voltage drops across various circuit elements give, by subtrac- 
tion, the actual voltage across the columns.. Knowing the current through 
the column yields the resistance by Ohm's law and hence the conductance 
and conductivity. Resi stance va] ues were determined for the fol lowing 
circuit elements: the column, two electrode chambers, two membranes 

that interface the columns and electrodes, and the sample slide. 







Resistance of 2 membranes was determined by preflight observations. 

A column with buffer of known conductivity has resistance at 23°C: 

R c = 15.0 cm/ (1.05 mmho/cm) (tt/4) (0. 635 cm) 2 = 45.11 Kohm 

At 23°C the substitute sample slide (with small diameter, for ground 
operations) has resistance: 

R d = 0.318 cm/(1.05 mmho/cm) (tt/4) (0.206 cm) 2 = 9.073 -Kohm 

The total electrode to column path length has resistance at 23°C: 

R. = 0.75 cm/ (1.05 mmho/cm} (tt/4) (0.635 cm) 2 = 2.26 Kohm 
By difference, the membranes have resistance: 

R 2m = ^ meas / 1 ) ” R c “ R d “ R e = 13 * 56 Kohm 

From these calculations and the conductivity K of flight buffer at any 
temperature, general formulae were developed for the column resistance. 

R tot = C/K + B/K o >13.56. • Kohm 

where: C = 49.06 cm" 1 from geometries of columns and sample slide 

K = unknown conductivity of column buffer 
B = 2.368 cm" 1 from geometry of electrode chamber 
K q = 1.03 mmhos/cm. conductivity of electrode buffer 

K is determined by setting Rjqj = V/X and solving: 

K = 49.C6/(V/I - 15.86) 

For column 019, at T = 14°C, V was determined by least squares analysis 
of V vs. T (for the early part of run 019, before the effects of a bubbl 
become apparent) and was 265.6 V, so K = 0.9203 mmho/cm. 

.For Column 049, at 12° (V also determined by least squares analysis of V 
vs T), K = 0.855 mmho/cm. From these values for K, the electric field 
was determined from the column cross-sectional area A: • E = I/KA. For 
Column 019, E = 3.84 mA/(0.920 mmho/'cm)¥ (0,635 cm) 2 = 13.2 V/cm. In 
; Column 049, E - 14.5 V/cm. 

Laboratory Measurement of Electrophoretic Mobilities 

The electrophoretic mobility of cells in suspension was determined using 
the Zeiss’ cytopherometer fitted with a rectangular chamber 7 and 
equipped with reversible Ag/AgCl/KCl electrodes (Cam-Apparatus, Imp i rig- 
ton, Cambridge, U.K. ) as described by Mehrishi. 0 The velocities of 70 
cells were measured in both directions as a function of depth in the 
chamber.' The expected el ectroosmoti c flow .parabola was fitted to the 
. velocity data by a computer program that incorporated corrections for 
magnification and asymmetric flow prior to defining the stationary lev- 
els in the chamber . 3 This program computed the average mobility and 
its standard deviation. 
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7 ig. 4. Cell migration distance versus time for Column 019. The photo- 
graph at 31 min was underexposed' and not usable for analysis. 
The absorption peak had spread considerably by 51 minutes. 
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Cell' migration distance versus time for Column 049 
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Electrophoretic Mobilities of Cells in the Flight Experiments 

Figures 4 and 5 show the distance migrated vs time for the two RBC exper- 
iments. The slope of each line gives the slowest, most frequent and 
fastest cells in each band. Although only three points are available 
in Figure 4, it appears that the particle velocity was not quite constant 
in Column 019, apparently due to the formation of a bubble in the column. 
From these slopes and the electric field calculations, electrophoretic 
mobilities v/ere calculated. The distribution of velocities represents 
a mixture of human and rabbit RBC mobilities. Table 1 shows these re- 
sults. 


Electrophoretic Mobilities of Cells in Simulation Experiments 

Electrophoretic mobilities of fixed human RBC' s were measured at 12, 14, 

20, and 25°C in D-l buffer and in D-l buffer deliberately made at 1.25 
times its normal concentration. Thus the laboratory simulation experi- 
ments covered the ranges of temperature, viscosity, conductivity, and 
ionic strength that occurred in the flight experiments. The relevant ( ) 

measurements of electrophoretic mobility are included in Table 1 for w 

comparison with the mobilities measured in space. 


Table 1 

ELECTROPHORETIC MOBILITIES OF FIXED HUMAN AND RABBIT RED BLOOD CELLS IN 
SPACE AND OF FIXED HUMAN RED BLOOD CELLS IN D-l BUFFERS IN SIMULATION 
EXPERIMENTS. 


COLUMN 

019 


TEMPERATURE, . 

°C POSITION 

14 FAST 

. PEAK 

SLOW 


ELECTROPHORETIC MOBILITIES 
pm/sec per V/cm 

IN SPACE IN D-l IN 1.25xD-l 
-1.59 -1.66+ 0.13 -1.41+0.17 
-1.42 


049 

12 

FAST 

-1.52 

-1.42+0.18, -1.28+0.10 



PEAK 

-1.32 




SLOW 

-0.83 

0.94+0.12* 


*Rabbit RBC mobility measured in D-l buffer at 25°C and corrected to ■ ( } 
12°C using the ratio of mobilities of human RBC at 12°C and 25 °C. 
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CONCLUSION 

Although red blood cell migration and separation as observed through 
photographic records of the EEVT experiments aboard Shuttle STS-3 were 
not as expected, the cell mobilities and migrating band profiles are 
consistent with the results of laboratory simulation experiments. It 
thus appears that zero-g electrophoresis of very high cell concentrations 
(1 x 10 9 red blood cells/ml} is possible and-not unexpectedly different 
from the electrophoresis of normal cell concentrations at unit gravity 
in the ground-based laboratory. 
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FREE ZONE ELECTROPHORESIS SIMULATION OF STATIC COLUMN 

ELECTROPHORESIS II? MICROGRAVITY ON SHUTTLE FLIGHT STS-3 

. • » 

Paul Todd and Stellan Hjerten 

Institute of Biochemistry, Biomedical Research Centre, 
University of Uppsala, Box 576, S-751 23 Uppsala, Sweden 


Two experiments had been performed on U. S. Space Shuttle 
flight STS-3 to test the hypothesis that in microgravity 
eell-cell interactions do not compromise the separability 
or modify the electrophoretic nobility of animal cells at 
very high concentrations. Fixed human and rabbit 
erythrocytes were observed to migrate at constant velocity 
for 1 hr, but densitometer scans of photographs of columns 
in which cells were migrating did not demonstrate a 
distinct separation of the two cell types, although - the 
leading edge of the cell band, presumably human 
erythrocytes, migrated at the predicted velocity (Snyder et 
al.. Electrophoresis., submitted 1984; Samoff et al«, Adv. 
Astronaout Sci. 53, 139, 1983). Free zone electrophoresis, 
in which the rotation of a 3 a i.d. tuhe counteracts 
convective flow and sedimentation orthogonal to a hori- 
zontal electric field, was used as a method to simulate 
static column electrophoresis on Shuttle flight STS-3. The 
electrophoretic conditions were simulated as closely as 
possible: current density, buffer composition and con- 
ductivity, temperature, and cell concentrations. The 
positions of cell zones were determined every 5 min by 
scanning, spectrophotometry, and, as in the microgravity 
experiments, migration rates were found to be constant and 
independent of cell concentration up to 2 billion' cells /ml. 
Zone broadening due to increased cell concentration was 
found to be negligible relative to that due to electro- 
phoretic heterogeneity. An unequal concentration, of the 
two cell types and the introduction of a small amount of 
electroosmosis at the chamber wall resulted, after 1 hr of 
electrophoresis, in a band of mixed cells identical to that 
found in a microgravity experiment on STS-3 . 

This research was. supported by a visiting investigator 
grant from. Universities Space Research Association and by 
National Aeronautics and Space Administration Contract 
NAS 9-15534*. 



REPORT ON RESEARCH PROJECT: SIMULATION GF ZERO-G RED BLOOD CELL ELECTROPHORESIS 
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BIOMEDICAL .CENTER, UNIVERSITY OF UPPSALA 

Paul Todd, 403 A1 t ho use Laburtory, University Part, Pennsylvania 1&8Q2 
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• ' • 1 : • INTRODUCTION 

This project was designed to test principles that were also under test in the 
Shuttle flight STS-3 zero-G electrophoresis experiment ( "EEVT" ) and to provide 
an explanation for -some of the observations that were made. Specifically, two 
of the eight electrophoresis columns processed during the STS-3 mission 
contained mixtures of human and rabbit erythrocytes fixed with formaldehyde and 
suspended at different cell concentrations in order t-o determine whether or not 
cell concentration affects cell migration, especially when cell concentration 
higher than those that can be stably maintained in i-G are used. Zero G was 
thus used as a test environment for determining cell concentration effects, and 
the experiments also probed the limits of usable cell concentrations for future 
zero-G cell separations, such as those using MeDonnel I-Douglas ‘ continuous-flow 
zero-G electrophoretic separator (CFES ) . Only photographic results were 
available from the red blood cell (EEC) experiments about STS-3, and these 
showed a single visible band migrating at the predicted velocity of human cells 
in the Low-concentration sample, and a very broad, tapering band the front of 
which migrated at the predicted velocity of human cells and the tail of which 
migrated near the predicted velocity, of rabbit cells. It was expected that two 
ciear bands of cells would be seen migrating independently at the velocities of 
the two cell types. The inability to retrieve the separated cells after the 
STS-3 flight made it impossible to analyse fractions of the column for the types 
of cells they contained. Thus is was not known whether rapidly migrating cells 
in thehigh-cohcentration (Z x 10'? GElIs/ml) column were exclusively human 
cells or whether all positions in the column contained both cell types at the 
end of the run. 

Experiments were therefore designed to replicate, as closely as possible in i-G, 
the conditions of the STS-3 RBC experiments. Free rone electrophoresis was the 
method ' of Choice, since It .minimizes the role of gravity in cell migration. The 
physical conditions of the STS-3 experiments were used, and human ami rabbit 
RSCs fixed by the same method were the test particles . The effects of cell 
concentration, electro osmotic mobility, and sample composition were tested in 
order to seek explanatidns for the STS-3 results and to provide data on cell 
concentration effects for future xero-G separations on the CFES. 

■ MATERIALS AND METHODS 

CELLS;. Human erythrocytes were, obtained from a 47-year-old healthy male donor 
by venipuncture and immediately diluted into isotonic phosphate buffer 
containing 0 . 01% EDTA as ant i coagulant . After three rinses in this buffer -the 
cel Is were suspended' in Z .5^ paraformaldehyde in isotonic phosphate btif ferat 
.ambient temperature (19-24 deg C) for 2 weeks;.,; Rabb it ; erythrocytes were 
obtained from a 5-month-old healthy New Zealand white rabbit by ear venipuncture 
and treated Subsequently in the same manner as the human RBCs. 

These were the conditions specifie d for the fixed RBC‘s that were used en the 

STS-3 mission (Snyder et al . ,1903) . The cells were washed 3 times in 
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electrophoresis buffer "D-i " prior to experiments using the sane buffer in the 
continuous flow electrophroesi? apparatus, 

BUFFERS. The blood-collection buffer and the cell-fixation buffer are described 
in Table if which lists the concentrations of the ingredients. The 
electrophoresis buffer, designated "D-l" is similarly described in Table 2. 

- Sl.HCTR0FHQn55.IS.' The free-lone electrophoresis apparatus was invented an 
constructed by S. Hjerten, in whose thesis it is described in complete detail 
CHjerten, 1944). It consists of a thermostated rotating horizontal tube coated 
with methylcel lulose to prevent electroosnotic backflow. The experiments 
reported here: were performed with the following parameters: temperature, 14 deg 
C; tube rotation speed, 70 rpm; tube diameter, 3.0 mm; conductivity of buffer, 
0.90 mmho/cm; applied current, 0.B0 mA; optical monitoring wavelength, 320 nm or 
270/320 r.a ratio; column scanning interval, 5 min; column scanning time, 1 min 
(with field turned of f ) . Cells were introduced in one or two starting, bands at 
the “origin” of the tube at concentrations of cells/ cm *2 similar to those used 
on the STS -3 mission and corresponding to 1 x 10*8 to 4 x 10*9 cells/ml. Cells 
were either mired or single type; depending on the experimental objective. 

Cells were exposed to the electric field for approximately two hours, after 
which, in most cases, the field was reversed for cell migration back to the 
origin. Optical scans were recorded, usually at 5 min intervals, on paper with 
an analog strip-chart recorder. 

DATA ANALYSIS. Strip-chart records were analysed on the basis of optical 
scanning peaks,, whose positions and widths were measured manually. Peak 
posit ions were corrected for scale factors and apparatus error, and peak widths 
were converted to standard deviations and coefficients of variation. These 
geometric data were, in turn, converted to electrophoretic nobilities (EPK's) 
and EFM standard deviations by using the geometrical and electrical constants of 
the experiments and fitting a straight line (method of least squares) through 
the corrected peak position points plotted against time. A computer program was 
written in BASIC to accomplish this task, and it is outlined in Table 3. 

RESULTS 

UNMTXED CELLS. The first experiments were designed to determine the effect of 
ceil concentration on EPM, if any. Migration velocities of human BBC's 
introduced at 2 x 10*8 and at 4 x 10*9 cells/ml migrated with the same velocity. 
The same result was found when rabbit RPC's were used at these concentrations. 
Thus no intrinic effect of cell concentr tat i on on EPM in D-l buffer at 14 deg C 
seems to exist. The area density range that was tested was approximately 4 x 
10*6 to 8 x 10*7 cells/cm*2 , based on sample input volume of 6 miaroliters. 

This is similar to the ceil densities encountered on the STS-3 mission 
experiments . 

MIXED CELLS, Cells of the two types were mixed in equal concentrations (2 z 
10*8 each/mil , and each cell type was found to migrate exactly as in unmixed 
suspensions. However, when cells were mixed at 2 x 10'9/ml each, heavy band 
overlap.was observed, and no; true: "gap" existed between the bands, even at ;■ 
maximum separation after nearly two 'hours. The peaks of the distributions of 
both cell types migrated with the predicted yelocityi nevertheiess. Continued 
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experimentation led to the conclusion that the quality of separation in 
free-rone electrophoresis of high cell concentrations depended upon the quality 


of the input band (how narrow it could be made) and the quality of the tube 
coating (how low the electroosmotic mobility could be maintained). Figure 1 
indicates that input bands at high cell concentrations are rather broad (copy of 
a photo) . Figure 2 indicates the quality of separation that can nevertheless be 
achieved by free-rone electrophoresis at this cell concentration when sample 
band width and electrcosmosis are minimized. 

SIMULATION. An attempt was made to produce a distribution that resembled the 
optical scans obtained during the electrophoresis of high mixed cell density on 
STS-3 at the end of the run ("Column 019"). By having halt as many rabbit cells 
as human cells and a considerable electroosmotic mobility, such a distribution 
was reproduced in the laboratory (Figure 3) ; Increased electroosnot ic mobility 
of the electrbphroesis tube was confirmed in this case by observing the rapid 
formation of a parabolic pattern (5-10 min) by crystal violet in the presence of 
the electric field. 


Table 1. Composition of buffers used in human: and rabbit erythrocyte collection 
and fixation. Cells were stored for two weeks in fixation buffer at ambient 
(19-23 deg £) temperature. 


COMPONENT 


CONCENTRATION (If) IN BUFFERS FOR 
COLLECTION FIXATION 


Na2HF04 0 , 0 $ 37 

Nfl*H2?b4 

Nad G.H3 fsrSSO./b'O 

Na2£OTA O.OC.if 

Paraformaldehyde 0 . C \ ,$% 


Table 2. Composition of D-l buffer used in free-rone electrophoresis tube and 
in free-rone *1 Act r oho res is electrodes. 

CONCENTRATION (mH).tN- ' 

COMPONENT. TUBE D-i ELECTRODE D-l 


Na2KP04 

1.76 

KH2P04 

0.367 

NaCI 

6.42 

KCI 

0.889 

Na2EOTA 

0.336 

Glucose 

• 222 

Dimethylsulf oxide 

3% 



l.?< 
0.347 
4.42 
0 .889 
0.0 
0.0 
D . 0 
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Figure 1. Photograph of rabbit and human RBC miitures immediately after 
insertion into the free-zone electrophoresis tube. The left band contains 2 x 
10*8 cells/ml each, and the right band contains 2 x 10*9 cells/ml each, 
approximately 4 microliters of sample were admitted in each case. 


2 


Figure 2. Strip-chart record of the separation of 2 x 10*9/ml each human 
(right, leading band) and rabbit (left, trailing band) RBC’s under optimized 
free-xonc electrophoresis. "0“ marks the origin, and the leading band migrated 
11 cm in 60 min. 
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Figure 3 . Top; Optical scan of negative of photo taken 51 min after the 
ini tint i on of electro phoresis of "Column 01?" on STS -3 mission (Sarnof £ et a I . 
1783; Morrison and lewis, 1983) . Bottom: Strip-chart record of eicctrophoret 

separation of T r 10* 7 /ml rabbit and Z i 1 Q ‘ 7 /ml human RBQ's in free-rone 
electrophoresis tube with some electroosmosis, £0 min after the beginning of 
electrophoresis.-: 



Table 3. Smeary outline of BASIC program "FZEAHAL" for processing of 
free-zone electrophoresis data. 


1 0 PR HIT "FiEANAL.BAS .PROGRAM FOR FREE ZONE ELECTROPHORESIS DATA ANALYSIS" 1 

12 PRINT "WANT TO SEE DESCRIPTION OF PROGRAM < Y=1 ,N=0 ) " ; : INPUT 02 

13 IF Q2=a GOTO 110 

22 PRINT "LINES lO-iOOsREH STATEMENTS , DIMENSIONS .OPTIONS , ORGANIZATION" 

24 PRINT "lOO-lOQO^INPUT ROUTINES + DATA CORRECTION ALGORITHMS FOR CURRENT" 

25 PRINT " MIGRATION DISTANCE, TIKE, AND PEAK WIDTH" 

24 PRINT " 1 0 Q 0 -2 0 0 0 ^CALCULATION OF CUMULATIVE MOBILITIES AND DATA PRINT-OUT" 

23 PRINT "2000-30 00=CREATION OF DATA FILES" 

2? PRINT "3000 -40 0 0 =ACCESS AND CONVERSION OF DATA FILES ON DISK" 

30 PRINT :"4000-500D=CALGULATION OF MEAN MOBILITIES BY LEAST: SQUARES F-IT" 

33 PRINT '*5 0 0 0-40 0 0=SCREEN GRAPHICS FOR PLOTTING MIGRATION DISTANCE VS. TIME" 
40 PRINT "B0d0-?QD0=SUMMARY OF VARIABLES IN'oRDER OF APPEARANCE" 
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Mxcrogravity Electrophoresis: A Study of the Factors 

that Affect Free-Fluid Separations 

ABSTRACT: Electrophoresis experiments have been performed in the microgravity 

environment of the Space Shuttle. Test particles (fixed human and rabbit 
erythrocytes) migrated as expected in a static column and test macromolecules 
(human serum albumin, ovalbumin, hemoglobin A, and Pneumococcus polysaccharide 
6B) migrated as expected in a continuous flow apparatus. The concentrations 
studied exceeded those that can he used in free-fluid separation and purifica- 
tion processes at unit gravity. 

Free-fluid preparative electrophoresis , which is capable of processing 
higher concentrations of separands than gel electrophoresis, can be performed 
in a static vertical column with or without a density gradient, a vertically- 
flowing chamber, a horizontally-flowing chamber with a density gradient, an 
annular cylindrial chamber in a magnetic field, or a horizontal rotating tube 
(1) . Considerable effort has gone into designing these devices to function at 
maximum sample capacity within the. limits imposed by zone sedimentation and 

i 

convection, two gravity-dependent processes. Protein solutions of about 0.5% 
and cell suspensions of about 10 7 cells/ml appear to be the maximum usable 
concentrations. Preparative electrophoresis experiments using test mixtures 
were therefore performed in the absence of gravity using a static column for 
cell electrophoresis (2) (Fig. la) and a continuous flow electrophoretic 
separator for electrophoretic studies on biological macromolecule mixtures 
(Fig. lb). 

A test particle mixture consisting of formaldehyde-fixed (3) human and 
rabbit erythrocytes, 0.5 x 10 9 each/ml was used to simulate the electrophoresis 
of biological cell suspensions at high concentrations. This concentration had 


i *be J en ‘demonstrated to exceed, the zone sedimentation limit at unit gravity (4) , 

and the mobilities of the cells had been determined in the buffer D-l used la ^ 
the apparatus depicted in Figure la. Table 1 compares the electrophoretic 
mobilities of the two test particles measured in the laboratory by microscopic 
analytical electrophoresis (5) with the mobilities of the leading and trailing 
edges of migrating cells determined by dividing their velocities, measured 
from photographs taken every 11 minutes by the STS-3 astronauts (6), by the 
monitored field strength, also in the photographs, of 13.5 v/cm. The mobilities 
are the same in raicrogravity at a concentration of 10 9 eells/ml as unit gravity 
at a concentration of 10 6 cells/ml. 

A test mixture of ovalbumin and rat serum albumin at a total protein 
concentration of 16% was used to simulate the electrophoretic purification of 
a biological protein mixture. This concentration is more than 40 times the 
zone sedimentation limit in the apparatus of Figure lb when operated at unit 
gravity and in more conventional downward-flowing continuous electrophoretic ^ 
separators. Figure 2a contains the electrophoretic profiles of fractions 
collected at l~g and a concentration of o.2% and the profile of fractions 
collected at 0-g and a concentration of 25% total protein plotted on the same 
scale. The two profiles are approximately the same despite an 80-fold concen- 
tration difference. The field strength in the 0-g experiment was twice as 
great, and the chamber thickness was twice that on the ground. The effective- 
ness of the separation is illustrated in Figure 2b. • - 

A test mxxture of human hemoglobin A (7) and Pneumocuccus polysaccharide 
6B, a potential vaccine material (8) at concentrations of 2% and 4%, respectively 
were used to simulate the electrophoresis of a crude biological supernatant. 

These concentrations could not be used stably in a commercial continuous-flow 
electrophoretic separator (9). Figure 3 is the electrophoretic profile of the 

I 

separation m the apparatus of Figure lb at 0-g, 
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These three earth-space comparisons were designed to test the hypothesis 
that, if free-fluid electrophoresis in space is to be considered as a source 
of biomedical research, diagnostic, or therapeutic materials ( 10 ) the necessary 1 
higher concentrations of materials can be processed without unexpected effects 
due to the higher concentrations per se . The results obtained indicate that 
such high concentrations of cells, protein mixtures, and protein-polysaccharide 
mixtures can be handled in a microgravity separator. 
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Table 1. Electrophoretic mobilities of fixed human and rabbit erythrocytes 

/■MfiCii-Vs/ / 2*0 / 

in "D-l” buffer in the laboratory and in space J in units of pm/sec per V/ cm. 


condition; - 

Space 

Laboratory 


METHOD 

Static column 
Microscopic 


$8£ 

CONCENTRATION . ‘ ‘SHS MOBILITIES. 

(cells /ml) HUMAN ■ RABBIT -■■■■, 

10 s ~ 1 , if Z£ 0./8 0.12. 


■#— 15 cm**> 


Figure la. Schematic, diagram of static column, zero-g electrophoresis 

device. (1) Electrophoresis column in which cells move left 
to right in buffer n D-l u (6.42 mM NaCl, 0.367 nM KH 2 FO 4 , 1.76 mM 
NajHPO',, , 222 mM glucose, 0.336 mM Na^EDTA. 5% dimethylsulf oxide, 
pH 7.2, 0.015 g~ions/l ionic strength, conductivity=0.9 mmho/cm) 
under an applied field of 13. 6 v/cm at 14°C. (2) Meters for 

monitoring column voltage and temperature,^ toggle switches, and 

B* 

clock in the viewing field of the camera (4), which took photo- 
graphs of the meters every minute and of the columns, when there 
thermal cover was: removed briefly, every 10 min. (3) Power 
supply and electrode buffer circulating system. (5) Illuminator 
( 6 ) Accelerometer for detecting small non-zero-g accelerations 
during cell electrophoresis. 







Figure lb. Schematic diagram of continuous flow zero-g electrophoresis device. 

(1) Continuous sample input at 0.05 ml/min. (2) Computer-controlled 
pumping system, for continuous buffer input at 40 ml/min into the 
separation chamber (3) where cells migrate from left to right in 
a 40 V/em field while flowing upward. The system pumps separate 
buffer into the electrode compartments (4) , (5) Sample collection 

system which divides the end of the column into 198 outlets and 
delivers electrophoretic subfractions to 198 receptacles (6). 

A. modification of trietha'nolamine-acetate buffer of Hantiig at al. 
was used in the chamber. 
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Figure 2b. The same separation as in figur 
separately. Fractions 45-57 
65-75 were 100% ovalbumin. Th 
25% in electrophoretic mobility 
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Figure 3. Electrophoretic profiles of human 'hemoglobin A (cyanme themo glob in) 

and Pneumococcal capsular polysaccharide fraction 6B. Input 
sample on. tlie coutinuous-f low electrophoresis device (Fig, lb) 

. was electrophoresis buffer containing 2% (w/v) KbA and 4% (w/.v) - 

PCP-6B, Cyaruaethemoglobin. A was obtained as a solution from 
. centers for disease control (7), and PCP-6B was prepared from. 
Pneumococcus so. using previously-described methods (8). 
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PRE-FLIGHT STUDIES ON McDONNELL-DOUGLAS ASTRONAUTICS CORP. VERSION OF 
TRIETHANOLAMINE -ACETATE CONTINUOUS FLOW .ELECTROFHROESIS BUFFER AND FLIGHT 
HANDLING PROCEDURES FOR CULTURED HUMAN EMBRYONIC KIDNEY CELLS 

This report summarizes studies of 

1 . Physical properties of MDAC CFES buffer 

2. El ectr okinet ic properties of human erythrocytes in MDAC CFES buffer 

3. El eetrakinet ic properties of human embryonic kidney cells in MDAC CFES 
buffer 

4. Viability and yield of human embryonic kidney cells subjected to f light 
handling procedures 

and presents summary comments and recommendations. , 

1. Physical properties of MDAC CFES buffer 

Measurements of viscosity and: conductivity were made using an Ostwald 
viscometer for viscos i ty measurements with water as standard in each experiment 
and a YSI conductivity bridge with a cell with 0.1 cell constant. The resuigs 
of viscosity measurements are given in Table 1. At low temparature the 
solutions were found to be very viscous. The accuracy of the meaurement is 
about 1.5%. The results of conductivity measurements are given in Table 2. 

At such low conductivity it was found very easy to accidentally increase the 
conductivity of the buffer by pouring from one vessel to another, using certain 
types of labware, and aging the solutions, for example. This situation is 
reflected in the data; different batches can differ in conductivity, and 
conductivity rises slowly with storage of 500 ml in glass bottles (last 2 lines 
of table) or small volumes in plastic centrifuge tubes: (data not shown). 

Experiments were also performed in which 10*6 - 10*9 cells/ml were added 
to buffer during conductivity measurements. The latter concentration increased 
buffer conductivity by up to 20*. After removal of cells the buffer 
Conductivity was also increased by a considerably greater amount than expected 
on the basis of dilution of the cell-storage solution alone after several 
washes. This low-ionic strength solution appears to acquire ions from glass, 
plastic, and fixed cells. At very high concentrations cells themselves will 
also be carriers of ions. Although a definitive study may still be needed, it 
seems that sample zones in the CFES may constitute conductance gaps during 
operation. However, conductivity increases of less than 20% are not serious 
" conductance gaps . 

2. Electrokinetic properties of human erythrocytes in MDAC CFES buffer 

Under stable conditions the mobility of human erythrocytes in MDAC CFES 

buffer is 1.38 + 0 ; 0 8 (n=5) at 6 .0 degrees C. The correction factor 1 6 the 

viscosity of water at 25 deg is almost exactly 2.00, so the corrected normal 
mobility of fresh erythrocytes 3*16 0.16 mo bill ty units . This va lue is 

consistent with the known ionic-strength dependence of erythrocyte mobility. 
From Table 3 it can be seen that sometimes the mobility of fresh cells was low 
(1.12-1.13). The ionic strength of the buffer is low and in the range of 
"membrane metastability" at pH 7. 2-7. 4 as described by Seaman et a 1 . in 
electrophoretic studies of human erythrocytes. Raising the temperature may 
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destabilise the erythrocyte membrane f 
of Table 3, in which the standardised EPM dropped when fresh ceils were 
subjected to electrophoresis but not when fixed cells were used. The 
erythrocyte mobilities overlap heavily with those found for human embryonic 
kidney (HEK) cells, fixed human erythrocytes would not be suitable as a 
reference marker mixed with HEK cells during GEES operation. 


PAQE'flgf 

QUALITY 

rther, as indicated in the last 3 lines 


POOR 


4. raw mobility histogram of fresh human erythrocytes under stable 
conditions in CFES buffer at 4.0 degrees C is shown in Figure 1. 


3. Electrolcinet ic properties of human embryonic kidney cells in MBAC CFES 
buffer 


Similar experiments were performed using human embryonic kidney cells 
HFK-34, passage 4 (F4>, HEK-8514 £P2>, and HEK-8514 (FI ) . The final two 
experiments (experiments 1520 and 1521) were studies on cells incubated 1 or 2 
days after arrival from Houston without subcultivation and subjected to 
electrophoresis immediately after trypsinixation (standard trypsin-EDTA 
procedure) or stored at 1.6 million cells/ml for 3 days in CFES buffer with 10% 
dialysed horse serum to simulate pre-run holding time on CFES operation on 
STS-S . The volume of the suspension was about 1.0 ml, and it was rotated at 
about 70 rpm at 5 degrees C in a tuberculin syringe to prevent sedimentation 
and attachment. See report on viability studies below. 

Table 4 indicates that a wide variety of mobilities was found. This 
variability was acribable to variable origin of cells, passage number, and 
stability. In at least two important experiments it was found that freshly 
trypsinized cells behaved normally for the first half of an EPK measurement 
procedure with the Cy topher ometer then an abrupt increase in buffer 
conductivity would occur with a corresponding modification of the mobility 
distribution. An example is shown in Table 4, where population 1521S1 was 
measured durint the first half of a run, and population 152152 was measured 
during the second" half of the same run, during which the buffer conductivity 
doubled and so did the mean EFK. Cells that had been exposed to the ST5-8 
pre-run storage conditions were more stable that the freshly trypsinised cells 
as indicated by the absence of such mid-run changes in conduct i vty and mobility 
and by the appearance of the cells in phase contrast. There was also a 
substantial, increase in EPH observed after storage, and Table 4 indicates 
increased mean EFM from about 3 . 8 before to about 1.4 after storage. Compare , 
for example 15145 to its post-storage counterpart lSlfiF—similarly 1521ST with 
152 IF . ' ■ 


The EFM distributions remain broad after storage in CFES buffer and horse 
serum, as indicated by the histograms in Figure 2, where pre- and post-storage 
data are compared using mobilities corrected to water at 4 degrees, the 
temperature of the CFES buffer in the electrophoresis chamber in this 
experiment . The typical 3-subpopulation type of histogram seen in all other 
buffers appears to be preserved in CFES buffer -at this temperature after, as 
well as before, storage in buffer and serum. 

Figure 3 is a raw mobility histogram produced under conditions that 
simulate CFES operation at closely as possible. Cells (HEK 3514, PI) were 
stored 3 days in CFES buffer and 10% dialysed horse serum, rinsed in CFES 
buffer at £ degrees and analysed eleetrohoretieally at & degrees . The mean raw 
mobility was i . 1 1 0 . 21 with a range of 0.5 to 1.74. This histogram is 

displayed at slightly higher resolutio than the CFES to indicate the type of 
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spread among fractions that might be expected. The corresponding migration 
distances using ET=15D would span the range cm to cm. A similar 
distribution is shown in Figure 4 for passage-2 calls. A large population 
grown up for the CFES operation on STS-B might consist of a mixture of the 
cells whose mobility histograms appear in Figures 3 and 4. 


Table 1. Viscosity of CFES buffer. 


TEMPERATURE 

VISCOSITY 

DECREES C 

CENTIPOISE 


4.0 1.764 


6.0 

1.772 

25.0 

1.077 

25.0 

1.034 


Table 2. Conductivities of CFES buffer. 


DATE 

DATE 

TEMPERATURE CONDUCTIVITY 

PREPARED 

MEASURED 

DEGREES 

C oMHQ/CM 

4/30/03 

5/2/83 

4 . Q 

0,06.2 

4/30/03 

5/2/S3 

5.0 

0 . 064 

7/27/03 

7/28/83 

5.5 

0.048 

7/27/83 

7 / 28 / 83 

5.5 

O.D48(after run) 

7/27/33 

8/04/83 

5.5 

0.B48 

i 7/27/83 

8/08/83 

5.5 

0 . Q52‘ 

TABLE 3 V Electrophoretic mobilities of human erythrocytes in HDAC CFES buf 

i . . • 

S * EXPERIMENT 


TEMPERATURE 

ELECTROPHORETIC MOBILITIES 

T POPULATION FRESH CELLS 

r • - 

DEGREES C 

H20 25 DEG CFES, T 

f : . - 151 SHI ■ 

+ i 

6.0 

3. 27+0.50 1.64+0.25 

1515H2 

... + 

6.0 

3.10+0.42 1 1.55+0.21 

1 ■ 1516H2 

+ 

6.0 

3.42+0.36 1 .71+0.18 

\ CFES6 

+ 

6.0 

3.04+0.26 1.52.+D.13 

3SQ02A 

+ 

4.0 

2 .23+0 .1? 1 .12+0 10 

ESC 023 

+ 

5 . 0 

2.24+D. 25 1.13+0.13 

CFES 2 

r ' + 

25 . 0 

1.82+0.23 1.50+0.17 

CFES 4 

- 

25.0 

3 .00+0 .22 2.48+0 . IB 

CFES 5 


25.0 

3 .42+0.36 1.7U0.18 
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4, Viability and yield of human embryonic kidney ceils subjected to flight 
handling procedures 

A preliminary test (Experiment 1505) of the holding procedure was made 
using HFK-34(P2) cells. After trypsinirat ion they were held at 4 degrees C and 
rotated in plastic centrifuge tubes at 15 rpm. Samples were evaluated at 24, 
48, and 72 hours. The suspending medium was CFES buffer with 5% dialysed horse 
serum. The results were as follows: 


HOURS 

PER CENT 

PER CENT 

AT 4 DEG 

YIELD 

VIABILITY 


24 

72.2 

1 0 Q 

40 

45.0 

1Q0 

72 

42. Q 

74 


Continued research with this cell strain showed that 10% serum was slightly 
better than 5%, that passage through CFES buffer without serum, as in 
electrophoresis experiments, reduced viability to 86% immediately and to 66% 
after the cells spent an additional 2 days in suspension in receiving medium. 

The results of the combined v iabi 1 i ty-mobi I r ty experiment 1520 are given in 
Table 5, in which the mobility is given in water at 6 degrees. See 152QF for 
values in CFES buffer. 

COHCIUSIONS AMD RECOHKENDATI OHS 

In general, the procedure for cell handling and electrophoresis of HEK-8514 
cells in 1st or 2nd passage on ST5-8 is acceptable if executed properly. The 
CFES buffer has ionic strength that is barely compatible with cell viability and 
membrane stability, as seen in experiments with human erythrocytes and 
trypan-blue staining of human kidney cells. Cells suspended in 10% dialysed 
horse serum for 3 days in the cold appear to be more stable than freshly 
trypsinised cells. 10% horse serum appears to be superior to 5% horse serum far 
this purpose. The mean absolute raw mobility of HEK-6514 cells in CFES buffer 
at 4 degrees, conductivity 0.Q55 mmho/cm, is 1.1 - 1.4 um-cm/V-sec , with a range 
of nearly a whole mobility unit. The above-descr ibed pretreatment has the 
effect of raising the EPK of these cells, but electrophoretic heterogeneity does 
not seem to be affected. Receiving medium consisting of 42-52 F-12/DMEM 
{ingredients but not salts) and 20-40% serum initial concentration appears 
suitable; it yields about 80% viability in 2 days post treatment relative to 
initial post-treatment viability. It would seem reasonable to proceed with the 
following plan" 

1. Trypsiniie cells in the ground, suspend in 10% dialysed horse Cor calf) serum 
in CFES buffer, as close to 4 deg C is possible, from just prior to launch to 
just prior to electrophoresis. 

2. Inject sample, which will have a slight conductance gap due to the serum, 
into the chamber with ET consistent with mobility range 1.0 - 1.4. 

3. Collect samples into isotonic medium' concentrate with 20-40% serum (horse or 
calf) for storage until retrieval. Plate as soon as possible in F-12/DMEM based 
medium. 
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TABLE 4 . Electrophoretic mobilities of HEK-8514 human embryonic kidney cells ini 
CFES buffer 

EXPERIMENT CONDUCTIVITY TEMPERATURE ELECTROPHORETIC MOBILITIES 


POPULATION 

MMHD/CM 

DEGREES C 

H20 25 DEG 

CFES, T 

1 51 5S2CPZ) PRETEST 

0.055 

6.0 


0 .81+. 21 

BSQQ2CCP2 ) PRETEST 

0.055 

6.0 

1 .63+0 . 27 

0 .81+0 . 15 

151 SSCF2) PRETEST 

0.13 

6.0 

1 .55+0 . 30 

0.7B+0 . 15 

1516FCF2) PQSTTEST 

0.055 

6.0 

2.80+0.30 

1.40+0.15 

152QSCP1 ) PRETEST 

0 . 055 

6.0 


0.97+0.20 

I52QFCF1) FOSTTEST 

0 . 055 

i . 0 


1.11 + 0 .21 

1521SKP1) PRETEST 

0 . 055 

6.0 

1 ,B2 + 0 . 42 

0.91+0.21 

1521S2 CPI ) PRETEST 

0.113 

6.0 

3.14+0 .84 

1 -72.+0 .42 

1521FCP1) PQSTTEST 

0.055 

6.0 

. 2.83+0 . 66 

i .41+0 .33 


Pretest mean - 0.86+0.08 CN=5) ; post test mean =■ 1.20+0.17 CN=3) in CFES buffer 
at 6 . 0 degrees C . 


TABLE 5. RESULTS OF EXPERIMENT 1520 

Suspension: Trypsin-EDTA 

Cells: 1.4 x 10 s 

Volume: 0.15 ml 

Treatment: 3 days in CFES at 6°C 

Measurement . 

Number of cells, 10° 

Viability, % 

Applied Current, pA 
EPM, ym-cm/V-sec 


Before 

After 

1.4 

1.6 

100 

81.5 

25 

25 

28 ± 0.26 

1.47 ± 


NUMBER OF CELLS 
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figure 1. Electrophoretic mobility histogram of fresh human erythrocytes in 
MDAC GEES buffer, £ degrees, uncorrected. 
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Figure 2. Comparison of two mobility histograms of f i rst-passage HEX-8514 cells 
before and after spending 3 days in CFES buffer plus 10% dialysed horse serum. 
Hobility values shown are corrected to Water at £ degrees. The mean mobility 
after storage, in this experiment, was i .11+0 .21 in CFES buffer. 
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Figure 3. Raw mobility histogram of HEK~B5i4(Fl) cells in CFES buffer at 4 
degrees after 3 days of storage in CFES buffer plus 10* dialysed horse serum at' 
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Properties of electrophoretic 
fractions of human 'embryonic 
kidney Cells separated on 
shuttle flight STS-8. 
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PROPERTIES OF ELECTROPHORETIC FRACTIONS OF HUMAN EMBRYONIC 
KIDNEY CELLS SEPARATED ON SPACE SHUTTLE FLIGHT STS-8 
Dennis R. Morrison*, Marian. L. Lewis**, Grant H, Barlow***, 

Paul Todd+, M, Elaine Kunze+, Burton E. Samofff, and Zhankui Li+ 

*Jolmson Space Center, Houston TX 77058, U. S. A. , **Technology 
Inc., Houston TX 77058, U.S.A., ***Michael Reese Research 
Foundation, Chicago, IL U.S.A., +403 Althouse Laboratory, The 
Pennsylvania State Universtiy, University Bark, PA 16802. 

ABSTRACT 

Suspensions of cultured primary human embryonic kidney .cells were 
subjected to continuous flow electrophoresis on Space Shuttle flight STS-8. 

The objectives of the experiments were to obtain electrophoretically separated 
fractions of the original cell populations and to test these fractions for the 
amount and kind of urokinase (a kidney plasminogen activator that is used 
medically for digesting blood clots), the morphologies of cells in the 
individual fractions, and their cellular electrophoretic mobilities after 

If 

' V, 

separation and subsequent proliferation. Individual fractions . were 
successfully cultured after return from orbit, and they were found to differ 
substantially from one another and from the starting sample with -respect to all 
of these properties. 

. : INTRODUCTION ... 

The previous paper /!/ described the functional differences among 
electrophoretic subfractions of kidney and pituitary cells separated on Space 
Shuttle floght STS-8. This paper describes electrophoretic and morphological 




2H-2 
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^differences ampn,g the^progeuy 7 of cells propagated from kidney cell 
subfractions. 

METHODOLOGY 

Human embryonic kidney cells were prepared in suspension prior to flight in 
electrophoresis buffer containing 10% calf serum. Electrophoretic separation 
proceded on Space Shuttle flight STS-8 in electrophoresis buffer without serum 
in the McDonneil-Douglas astronautics Corp (MDAC) continuous flow 
electrophoretic separator (CFES), and fractions were collected into sample bags 
containing culture medium and concentrated serum. Two separations were 
performed, designated #3 and #4, and subsequent cultufing and biochemical 
measurements were conducted at Johnson Space Center. Fractions that yielded 
enough progeny cells were analysed at The Pennsylvania State University for 
morphology by phase-contrast microscopy and flow cytometry, and electrophoretic 
mobility distributions were determined with a Zeiss "Cytopherometer" /2,3/. 

Hot all fractions were available for these analyses. Additional experimental 
details are given in the preceding paper /!/ . 

RESULTS 

The electrophoretic mobility (EPM) of the starting cell population was found to 
be -1.47 -For- 0.27 um-cm/V-s by analytical microscopic electrophoresis using 
the space electrophoresis buffer. The CFES operated at E x t = 300 V-min/s 
(field times residence time for cells in the chamber). Fractions were 
collected 0.8 mm apart, and the cell stream was directed at fraction 59 in the 
absence of the electric field; therefore about 95% of the cells should have 
been distributed between fractions 80-102. In Figure 1 it is seen that 95% of 
the cells were distributed between fractions 93-115. The spread was as 
predicted, but cells migrated about 12 fractions farther than predicted on the 
basis of electrokinetic movement alone. The two experiments (#3 with a low 
cell input, and #4 with a high cell input)- were in excellent, agreement with . : 
with each other with respect to the distribution of cells among fractions . , 
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The EPM distributions of progeny cells cultured from the three electrophoretic 
fractions that yielded adequate cells are shorn in Figure 2, where it can be 
seen that the lowest mobility fraction studied (fraction 96) produced 
higher-mobility progeny, while the other two fractions produced progeny cells 
with, mobilities relted to the farct ions from which they Were collected, namely 
-0.82 +or- 0,18 and -1.13 +or~ 0.18 for fractions 103 and 113, respectively. 

Four cell types were identified by phase microscopy: small epithelioid, large 

epithelioid, domed (phase-bright, refractile bulges in single cells) and 
fenestrated (1 or 2 large holes through the cytoplasm, including upper and 
lower plasma membrane). After subcultivation, progeny of cells from available 
fractions had the per cent of each cell type shown in Table 1. Fraction 110, 
which had the highest urokinase production /I / was highest in per cent large 
epithelioid cells j low-mobility fractions were highest in domed cells. 
DISCUSSION 

Subsequent to electrophoretic purification in microgravity, kidney cell 
fractions were successfully cultured and analysed, and progeny cells grown from 
different subfractions were shown to be different with respect to EPM and 
morphology as well as with respect to products they produce. 

' ACKNOWLEDGMENTS 

We thank the staff of Electrophoresis Operatons in Space, McDonnell-Douglas , 
Inc., and the STS-8 asstronauts for the excellent technical execution of the 
electrophoresis experiment in microgravity. This research was supported by the, 
U. S . National Aeronautics and Space Administration. 

REFERENCES 

1. D. R. Morrison et al. Electrophoretic separation of kidney an dpituitary 
cells on STS-8. Adv. Space Res. This issue. 

2. D. R. Morrison and M. L, Lewis. Electrophoresis tests on STS -3 and ground 



2^-4 


control experiments: as basis for future biological sample elections. In :• 

_33rd Inaternation Astronautical Federation Congress^ Paper No- 82-1562, 

1983, 

3. L, D. Plank, W, C. Hymer, M. E. Krnze, G. M. Marks, J, W. Lanham, and P. 

Todd. A study of cell electrophoresis as a means of purifying growth 
hormone secreting cells. J, Biochem. Biophys. Meth. J8__, 275-289 (1983), I 

. j 




tii— 




Table 1. Morphological distributions of cells in. electrophoretic fractions in 
second passage on 10/19/83. Numbers used per cent of each cell type. 
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Figure 1. Number of cells collected in each electrophoretic fraction ■ 
in experiments #3 and #4 on Space Shuttle flight STS-8. 

The cell counts in #3 have been multiplied by 2 to make the 
scales comparable. 
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Chapter 30 

Application of light scatter 
theory to flow cytometry and 
sorting of human embryonic 
kidney cells. 


DETECTION OF INTERNAL STRUCTURE 
BY SCATTERED LIGHT INTENSITY: 

APPLICATION TO KIDNEY CELL SORTING 

by Charles L. Goolsby and M. Elaine Kunze 

Introduction. 

Scattered light measurements in flow cytometry have been successfully used 
to distinguish cells on the basis of differing morphology and internal 
structure (6,9,36,37, 52, 62,64, 65, 71-73,75,84). Differences in scattered light 
patterns due to changes in internal stucture would be expected to occur at 
large scattering angles. At these angles refraction and reflection from 
internal cellular structures would be expected to be. larger, compared to 
overall cellular scattered intensity, than at low scattering angles (33). One 
of the most widely used methods based on internal structural differences is the 
discrimination of different cell types from human peripheral blood. Based on 
narrow forward angle and 90° scattered light measurements human leukocytes are 
seperated into lymphocytes, monocytes, and granulocytes (6,73) with the 90 c 
scattered light signal increasing in that order corresponding to increasing 
internal structure. Visser et al (84) seperated mouse bone marrow cells into 4 
groups based on a 1° versus 9Q C scattered light measurement and found that the 
cells with the most complex of internal structure had the highest 90 scattered 
intensity. Loken et al (52) by measuring scattered light in the 2 ~8 interval 
were able to sort cells into red blood cells, small lymphocytes, large 
lymphocytes and polymorphnuclear leukocytes. By measuring the scattered light 
intensity in 32 angular regions between 0° and 30° Salzman et al (71,72) were 
able to distinguish invasive carcinoma cells from normal cells of the human 
uterine cervix, Jensen (37) used 90° scattered light to differentiate between 
leukocytes and squamous cells in gynecologic samples. Measurements of scattered 
intensity in 32 angular intervals between 0 c and 21° by Price et al (64) 
demonstrated that two cell types whose intensity patterns were 
indistinguishable over certain angular intervals were easily separable at 
others. Jamieson et al (36) and Schafer et al (75) found that fibroblasts from 
a patient with Snadhoff’s disease had a higher scattered light intensity in the 
4° to 14° region than did normal human skin fibroblast lines. This increased 
intensity was believed to arise from increased cytoplasmic inclusions. Benson 
et al (9) investigated tumor cell heterogenity and developed an index of tumor 
aggressiveness based on 70°~ 110° and 2° - 25 ° scattered light measurements. They 
found that increases in the 70 c, “110° measurement correlated with the degree of 
roundness of the nucleus. Theoretical treatments of morphology and internal 
structure have been limited (3,42,43). In the present study vie propose to 
investigate the effects of internal structure on light scattering in a more 
simplistic manner than used in previous treatments. By comparing the angular 
distribution of the scattered light intensity from spheres that are small 
compared with the size of a cell ("granules 1 ') with the scattered light 
intensity from a whole cell, we have attempted to predict the optimum, angular 
regions in which to detect granulation and other internal structures. 

Kidney cells 

Cultured cells of embryonic human kidney origin are not as well 
characterized in terms of their internal structure. There exist five major cell 
types with differing morphologies. Photomicrographs of these different cell 
types are shown in Figure 1. The small and large epithelial cells are between 8 
and 12 , nm and 14 and 20 «m, respectively, when in suspension. The domed cells 
are similar in size to the large epithelial cells and form hemispherical domes 
above the substratum when in culture. The fenestrated cells are also of similar 
size to the large epithelial cells and in culture develop with "holes" which 
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^P.snejirate through .the, cytoplasm (cytoplasm intact). The fibroblastic cells are 
ir in the 3 Aim tb size range. • In addition, when the cells are viewed in 

suspension by phase contrast microscopy there are large refractile cytoplasmic 
inclusions although they do not appear to be associated with any particular 
cell type. Even though no details of internal structural differences are known, 
the expression of different morphologies in culture should be indicative of 
differing internal structure. In addition different cultures are known to 
produce differing amounts of the proteolytic enzyme, urokinase, a plasminogen 
activator. This differential production of urokinase is an indication of 
different degrees of differentiation in the different cultures and might be 
reflected in differing morphologies or internal structure (10). Even in those 
cases, such as the kidney, where the morphological and structural differences 
are less distinct than in the pituitary scattered light measurements should 
still be able to distinguish different cell types. 

Materials and Methods. 

Numerical Procedures. 

Intracellular granules were modeled as homogeneous spheres and cells were 
modeled as coated spheres. All scattered light distributions were calculated 
using Mie theory (15,55), The homogeneous and coated sphere calculations were 
carried out Using the routines, "EMMIE" and "COAT" (15), respectively. 
Additional routines for calculating and plotting the results were written in 
Fortran IV as needed and utilizied the above programs as callable subroutines. 
The integrations contained in Tables 2-5 were performed by Simpson’s rule. All 
calculations were carried out on the IBM System 370 Model 3033 computer at the 
Pennsylvania State University. Angular distributions of scattered light were 
calculated for granules (homogeneous spheres) with diameters of 200, 300, 400, 
600, 1000 and 1400 nm. Sizes and N/C ratios of cells (coated spheres) 
calculated were the same as in Chapter 4. All calculations were carried out 
for an incident wavelength of 4SS nm. 

The index of refraction of the core and coat In the coated sphere cell 
model were the same as those used In Chapter 4. Two indices of refraction were 
chosen for the granules. An index of refraction of 1,392 was used to simulate 
lysosomal type inclusions (300, 600, 1000, and 1400 nm) which were assumed to 
have an index of refraction similar to that of the nucleus. An index of 
refraction of 1,459 was used to simulate granules which contain predominately 
protein, such as the granules of the pituitary. Protein crystals are known to 
contain 20% to 70% water by volume (12). This implies that protein crystals are 
30% to 30% protein. The dry weight density of proteins is between 1.05 and 1.20 
(12) . The specific refractive Increment, dn/dc, is nearly constant for all 
proteins and has a mean value of 0.0018 (12, S4). Assuming a value of 60% 
protein and a dry weight density of 1.15 in a typical granule gives an index of 
refraction of 1.459. 

EPICS V cell sorter modifications - 

Two modifications were made to the Coulter Electronics, Inc, (Hialeah, 
Florida) EPICS V cell sorter to enhance the measurement of scattered light in 
forward angular intervals. The standard forward angle detector normally 
Integrates the scattered light pulse because of the self -integrating nature of 
the large, surface photodiodes used for detection. A IK ohm resistor was placed 
in parallel with the parallel 10QK ohm resistor-500 picofarad capacitor pair In 
the feedback loop of the integrating forward angle light scatter pre-amplifier. 
This yielded an approximate peak pulse. In addition the forward angle light 
scatter amplifier was altered to increase the bandwidth or slew rate of the 
amplifier. The list of modifications is given in Appendix 1. It should be noted 
that the implementation of these modifications voids the warranty from Coulter 
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Electronics, Inc. on these modules. ORIGINAL PAGERS 

OF. POOR QUALITY 

Kidney cells 

Primary human fetal kidney cells were obtained from Microbiological 
Associates, T/allcersville, rid. Cells were grown in DMEM-F12 media containing. 10% 
fetal calf serum, and l%antibiotic- antimycotic. Powdered media were obtained 
from Gibco Laboratories, Grand Island, N.Y. Cells were maintained In a 5% C02 
wet Incubator and were passed at a split ratio of 1:2 at confluence. Kidney 
cells were removed for cell sorting by tryps inization and were pippeted until a 
single cell suspension was obtained. Cells were sorted on the Coulter 
Electronics, Inc. EPICS Y cell sorter with the 76 _Hm quartz tip based on the 
integrated 90° and peak forward angle scatter signals and collected into 15 ml 
sterile Petri dishes containing media. The cells were then allowed to attach 
and at 24 hours were examined b3 r microscopy to determine the morphological 
types. The cells were then .placed on production media developed in this 
laboratory (phosphate buffered saline containing high glycine, lactate 
dehydrolysate and human serum albumin) and allowed to grow 48 hours . At this 
time media samples were taken to be assayed for urokinase. Urokinase levels 
were measured by the fibrin, plate assay of Marsh and Gaffney (54). The fibrin 
plates were xeroxed and the area of the lysis zones measured. 

Results . 

Angular dependance of scattering by cells and granules. 

In Figure 2 the scattered light intensity versus scattering angle is 
plotted for a 12 Aim sphere ("cell") with a 6 m core ("nucleus") and for 4 
small homogeneous spheres ("granules”) with an index of refraction of. 1.392 
using an incident wavelength of 43S nra. For scattering angles between 10 and 
40 the scattered light intensity from a "granule" Is about 10 -0,05 that of 

the light scattered from a "cell". At higher or lower scattering angles the 
"granule" and "cellular" scattered Intensities differ by as much as a 
million-fold. It should be noted that the coincident minima in granule scatter 
occuring between 50°and 60° and between 115 c and 135° is probably not due to a 
monotonic behavior of the scattered light intensity with granule size but 
rather occurs due to the even seperation between granule sizes chosen for 
calculation. Mien this even seperation is broken, as In the case of the 3Q0nn 
"granule", other sizes would have their maxima and minima In these regions, 
respectively. Certainly the conclusion from this graph is that unlike the case 
for gold particle scattering the scattering angles greater than 60° may not 
neccessarily be the optimum interval in which to detect granulation or internal 
structure in cells. In Figure 3 Is plotted the scattered light intensity versus 
scattering angle for four sizes of "granules” having an index of refraction of 
1.392 and three sizes having an index of refraction of 1.459, For both values 
of index of refraction, the scattering patterns of "granules" with diameters 
less than 400 nm have Very little structure at scattering angles less than 60° 
and, at most, have only one minimum over the entire range of scattering angles. 
The scattering Intensities of "granules" of 400 na or less varies over 1000 
fold from 0 C to 180 a and over a million-fold for the larger "granules". 

Effect of cell size ami nuclear size on the detectablity of structure. 

The effect of whole cell size and U/C ratio on the scattered light 
intensity from a single cell is of equal importance in investigating the 
effects of internal structure as it Is on the detectability of immnunogold 
stained cells. The large variations in both N/C ratio and whole cell size will 
also be expected in experiments that study, granulation and internal structure... 
The effects, of N/C ratio and cell size on the detection of granulation is 
illustrated in' Figure 4. The scattered light intensity is plotted versus 
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scattering angle for "cells'* of 15 yum (M/C=0,5) and S / uni (N/C=0.5,0.75) 
diameter and for three sizes of "granules" with an index of refraction of 
1.459. From the top two panels of this figure it can be seen that a change in 
whole "cell" size from 8 /An to 15 pn leads on the average to a five fold 
greater separation between "granules" and "cells" in the scattering angle range 
of 95° to 130°. A typical effect of changes in the IT/C ratio is shown in the 
hottom two panels of Figure 4. When the nucleus of an 3 ywm "ceil" is increased 
from 4 to 6 yum there is a twenty fold reduction in the average separation 
between "granules" and "cells" in. the 95 to 130 interval. This set of results 
illustrates that changes iu either whole cell size or in the IT/ G ratio can lead 
to order of magnitude differences in the relative scattered light intensity of 
"cells" compared to "granules". 

Optimum angular interval for; detection of granulation 

In order to systematically investigate whether or not there would be an 
angular interval optimum. for the detection of granules# the scattered 
intensities in nine angular intervals vetween 0 C and 17S° were calculated. The 
results of these integrations for S, 10, 12, and 15 m spheres with K/C ratios 
of 0.5 and 0.75 and for "granule" spheres of 300, 600-, 1000, and 1400 nm with 
an index of refraction of 1.392 are presented An Table 2. The results for the 
same "cell" sizes and for "granules" of 200, 400, 600, and 1000 nm with an 
index of refraction of 1.459 are given in Table 3, As was pointed out in 
Chapter 4 it is important to note that at scattering angles greater than 70 
changes in the N/C ratio can have up to a hundred fold effect on the scattered 
light intensity from a "cell". The 'S/C ratio has little effect at angles less 
than CO and the effect at higher angles oscillates with "cell" size, having 
little effect for "cell" diameters of 10 and 15 /Am and a large effect at 3 and 
12 /An. As .the. calculations showed in Chapter 4 these oscillations in If/C ratio 
can be shifted to different cell sizes by altering the incident wavelength of 
light. . 

The variation in the scattered ■ intensity within any angular interval for 
"granules" from 300 to 1000 nm with n=1.392 is between 10K and 500X for the 
intervals studied. The largest variations occur at the smaller scattering 
angles. For example, in the 10° -20 p region there is a 500 fold change in 
intensity and in the 70°-110° interval there is only r, 7 fold change in 
intensity, A similar range in intensities is seen, for 200-600 nm "granules" 
with an index of refraction of 1.459. The "cellular" scattered intensities vary 
over a similar range, but the largest differences tend to occur at the higher 
angles. Hone of the angular intervals tends to always give the maximum value of 
"granule" to "cellular" scattered intensities. Although not always providing 
the optimum detection the angular intervals between 25° and 110° (excepting 95° 
-115°) do not tend to include the. worst case ratios (?10^ ) of "cell" to 
"granule" scattered intensity. 

Four tables will serve to clarify the effects of scattering angle, cell 
size, I?/C ratio, granule size and granule number. In Tables 4-7 the ratio of 
the scattered light intensity within a given angular interval of a "cell" 
compared to a "granule" is given. Tables 4 and 5 are for a "granule" index of 
refraction of 1.392 and diameters of 300 and 1000 nm and Tables 6 and 7 are for 
a "granule" index, of refraction of 1.459 and diameters of 400 and 1000 nm. This 
ratio of intensities gives the number of "granules" that would be required to 
double the intensity of i a. "cell" containing "granules'! over that of a "cell" : 
which did not contain "granules". Examining the 1.392 index of refraction 
"granules" the 45.-60 angular interval requires the Smallest number of 300 nm 
"granules" per "cell" when the results are averaged over all. the cell sizes. 
I.'hen the larger, "granule" size is examined then the region of the smallest 
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ratio is in the 10°-20° interval. At the even larger size of 1400 nm the 
results (data not shown) within the lp°-60° regions are very similar, for an 
li/C ratio of 0.75 and for the smaller "granules" the intervals of 25°-35°, 45° 
-60°, and 70 t> -li0 c ’ would all be reasonable for the detection of granules.;. For 
an N/C ratio of 0.75 and the larger "granules" the region between 10° and 35° 
is optimum but the entire range from 10°-13Q e is. acceptable (only exception is 
for a "cell" diameter of 15 /*.n and scattering angles of 45' , -130 o ). For this 
lower index of refraction examination of the tables shows that less. than 
400-500 300 nm "granules" would, alter the scattering intensity from a whole 
"cell" and that for 1000 nm "granules" less than 25-50 would be required.. The 
calculations for the higher index of refraction "granules" show similar 
results. Tile optimum regions when averaging over all the "cell" sizes are the 
25°-35' 3 and the 10 q -20° intervals for the 400 and 1000 nm diameter 
... "granules", respectively. For an 2s/ C ratio of 0.75 and a "granule" size of 400 
nm the entire angular region from 25° to 160° would require less than 400 
"granules" with only six exceptions to alter the scattered intensity from a 
"cell" (average-127 ). For a "granule" size of 1000 nm with only one exception 
less than 400 "granules" would be required to double the scattered intensity of 
a "cell" (average=7l). 

In conclusion, although no angular interval stands out .as vastly superior 
to all others, the optimum regions occur for scattering angles of 10° to 60°. 
For the smaller "granules" the optimum interval is in the upper portion of this 
range and as the size of the "granules" increases the optimum interval moves 
to. the lower end of this range. It should be noted that for the smaller • 
"granule" sizes the 10° -20° interval is poor. This range of scattering angles 
also has the advantage that it is affected less by changes in the 'T/C ratio 
than regions at higher angles. In many instances larger scattering angles 
provide adequate, and in specific cases superior, detection of granulation. If 
the experimental system has a narrow range of cell sizes and a constant >7/C 
ratio (preferably large) then the use of larger scattering angles could, prove 
beneficial. 





Kidney cell sorting 

The relationship of these light scatter calculations to experimental data 
obtained with live cells was examined in cell sorting experiments with 
embryonic human kidney cells in which the different cell types were sorted on 
the basis of 70 Q -110° and 2.5 C -19° scattered intensity and examined 
microscopicly to determine the different cell types. The sorted fractions were 
also assayed for urokinase production using the fibrin plate method. It was 
found, that even in this case of less distinct differences in structure, 
enrichments of cells differing in morphology and function could be made based 
on these measurements. Call populations with increased 70°-110° scattered light 
- intensity were found to produce higher levels of urokinase and large epithelial 
cell were found to be enriched in cell populations with high 70°-110° and 2.5 
-19 scattered light intensities. In Figure 7 is shown a plot of the number of 
kidney calls (counted on the z-axis) versus their forward angle scattered light 
intensity (2.5 -19 ) and their integrated 90° scattered light intensity. The 
population consists of a single ridge of cells running at approximately 45° to 
either the forward angle or 90 c scattered light axis with a slightly greater 
...increase in 90° scattered light intensities at the high forward angle 
intensities. In Figure Sa and 6b contour plots of these same parameters are 
shown. with the brighter shades corresponding to the higher cell counts and with 
sort windows labeled as in Figure 6. In Table 9 are presented the results of 
the microscopic identification of the different cell morphologies contained in 
each sorted fraction. The data are presented as percentages and the sort 
windows are labeled as before. Again the sorted fractions ere listed in the 
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table in order of increasing 90° scattered light intensity. In progressing fron 
sort window Cl. to All there are nearly equal increases in both, the forward angle 
and 90° scattered intensities and the percentage of small epithelial cells 
decreases fron 95% to 72% while tlie percentage of large epithelial cells 
increased fron 3" to 20*. The BR sort window had a slightly higher forward 
angle intensity and a much higher 90° scattered intensity than the All window. 
Uithin this window the snail epithelial cells decreased to 37" while the large 
epithelial cells increased to 57". The scattering intensities defining this 
window ; would indicate that this enrichment was not solely- due to size. If’ the 
cell types, fenestrated and domed, which exhibit more structure are combined, 
then We see a three fold enrichment in the high 90° scattered intensity 
fractions (AR and BR) over, the low 90° scattered intensity fractions (AL and 
BL). Media samples taken from cultures established from each of the sorted 
fractions were assayed for urokinase production by the fibrin plate method. The 
samples from the sorted fractions BL, BR and AR produced areas of 227, 276 and 
330 mm , respectively. This result Indicated that as the 90 scattered 
intensity increased the urokinase production also Increased. 

The results of this experiment are not as easily* compared with the 
theoretical calculations as in the case of the pituitary results CD. However, 
the Increase In both forward angle and 90° scattered light intensities as the 
size of the cells increased is certainly in aggreement with the conclusions of 
references (2 and 4). In addition the phenotype of urokinase secretion Into the 
media is an example of differentiated function and is probably accompanied by 
some Internal structural changes. If this is true then the association of 
increased urokinase production with Increased 90 scatterd light intensit} 1- 
would be consistent with the predictions of Chapter 5. In any case these 
results demonstrate that even when structural differences are not easily 
defined in. terms of dense granulation, intensity, measurements can stili serve 
to seperate cells based on differentiated function. 

Discussion 

The theoretical calculations of this study indicate that although no 
angular interval is vastly superior for the detection of granulation and 
internal structure for all cell sizes, L/C ratios and granule sizes, the 
angular region from 10° to 60° is, in general, optimum. The prediction that the 
higher angular intervals in this region are optimum for the smaller granules 
and that the lower Intervals are optimum, for the larger granules could prove 
Interesting experimentally. However, due to the dependence of the scattered 
light Intensity' on whole cell size as well as granulation within this region, 
the use of an independent measure of whole call size (24,51) might need to be 
Incorporated in order to fully utilize this property. Depending on H/C ratio 
and cell size in some cases sensitivity could be gained by making measurements 
at scattering angles greater ; than SO f. But due to the strong dependance of 
whole cell scattered intensity 'an L/C ratio at certain cell sizes within this 
anglular region, if these parameters are broadly distributed within the sample, 
any benefits gained for one cell size or L/C ratio would be lost for another. 

The theoretical work in this study would suggest that improvements in the 
separation of the kidney cell: populations could he achieved by the use of 
scattered light intensity measurements within other angular intervals. The 
calculations' would suggest that an improvement could be' realized by measuring 
in the 10° to 60° interval. By makins maasureneiits at saveral intervals, within 
this range one could take advantage of the observation that the optimum shift 
for different granule sizes occurs at different intervals with! a this range. 

The maximum benefit from this might be achieved if .an independent measure of 
cell size (24,51) were also used. Examination of Tables 4-7 would also indicate 
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that due to the large size of some of those cell types that the use of 
scattering angles greater than 90 in addition to 10 to 60 might aid in the 
separation of the different cell populations* Unfortunately due to the 
difficulty of installing, sensors in - these angular intervals on . commercial 
instruments, such as the EPICS V, these experiments could not be performed. 

Practically, the results of these calculations suggest that in 
experimental situations an array of detectors would be useful. Although In 
general the detection of the scattered light Intensity at several intervals 
within the 10 to 60 region would be sufficient, there are many examples where 
Increased sensitivity could be acheived at other angles. The ability to measure 
at many different angular intervals would allow the experimenter to empirically 
select the optimum intervals for the varying conditions of cell size, IT/ C 
ratio, granule size and internal structure from sample to sample. The 
feasibility of making scattered light measurements at many different intervals 
in flow cytometry has been demonstrated (6,64,71,72). The implementation of 
simplified versions of these techniques in conjunction with independant 
measurements of cell size could potentially improve the usefulness of flow 
cytometry in the study of the internal structure of cells. The use of. other 
incident wavelengths could also be helpful. The experiments carried out in this 
work served to demonstrate that the use of the scattered light intensity in the 
70 to 110 Interval could prove useful in separating cells based on Internal 
structure, morphology and function. .Whether or not the ins trumet changes 
suggested by this work would experimentally lead to the anticipated, 
enhancements will have to wait for further 'experimentation, 
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Table 2. 

Integrated scattered light intensities in seven angular intervals for 
granules with diameters of 300 r GOO* 1000 and 1400 nm and an index of 
refraction of 1.392. The intensities for spheres with diameters of 8, 10, 12 
and 15jUin and d/C ratios of 0,5 and 0,75 are also tabulated. 
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Table 3, 

Integrated scattered light intensities in seven angular intervals for 
"granules" . with diameters of 200, 400, (500 and 1000 nm and an index of 
refraction of 1.459. The intensities for spheres with diameters of 8, 10, 12 
and 15 and N/C ratios of 0.5 and 0,75 are also tabulated. 
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Table 4. 

The ratio of the integrated scattered light intensity £ror.i one coated sphere 
("cell") divided by that from one 300 njn ’'granule 1 ' with an index of refraction O o 

of 1.392 in seven angular intervals. Spheres with diameters of 8, 10, 12 and 15 " n ?§ 
/U?n and N/C ratios of 0.5 and .0.75 are tabulated. O'M 
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Table 5. 

The r atio of the integrated sc atter ed light intensity from one co ated sphere 
("cell") divided by that from one 1000 nm "granule" y/ith an index of refraction 
of 1.392 in seven angular intervals. Spheres -with diameters of 8, 10, 12 and 15 
jUm and M/C ratios of 0.5 and 0.75 arc tabulated. 
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Table 6. 

The ratio of the integrated scattered 1 t intensity frou one coated sphere 
("cell'O divided by that from one 600 nr.i "granule" with an index of refraction 
of 1.659 in seven angular intervals. Spheres with diameters of 0, 10, 12 and 15 


juliX and 

S/C ratios of 

0.5 and 0. 
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bul. tied. 




cell 

size 

10-20 

25-35 

0 

45-63 

interval 

70-110 

95-115 

115-130 

130-160 

N/C 

ratio 

8 

426 

197 

99 

2063 

1143 

1733 

7885 

0.5 


932 

77 

54 

100 

31 

35 

33 

0.75 

10 

1170 

82 

95 

13S 

36 

29 

69 

0.5 


1441 
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80 

150 

61 

69 ' 

144 

0.75 

12 

2203 
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320 

2750 

1643 

2400 

10769 

0.5 


2034 
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394 

200 
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3 500 

0.75 

15 

4237 

294 

320 

6250 

5929 

11067 

28846 

0.5 


2542 

200 

720 

2813 

1357 

2267 

10769 
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'. Contour plots of the sane data as in Figure 7. The number of 
s represented by increasing brightness. The. interior rectangles 
ontaininr, "L" and ""** v:ere sorted to the left and to the riy.ht, respective! 
orts A and V> are in panels a and b, respectively. 



i 


Chapter 31 

Application of light scatter 
/analysis to human embryonic 
kidney cell fractions separated 
..,on STS-8,*. 



31-1 


N85-31778 


FLOW CYTOMETRY OF "HUMAN EMBRYONIC KIDNEY CELLS: A LIGHT SCATTERING APPROACH 

M. Elaine Kunze 1 , Charles Goolsby 1 , Paul Todd 1 , Dennis Morrison 2 , and 
Marian Lewis 2 

1 Althouse Laboratory, The Pennsylvania State University, University Park, 

PA 16802 

a SD5/Bio ( processlng Laboratory, L. B. Johnson Space Center, Houston, TX 
77058 


The mammalian kidney contains cells that transport water, convert 
vitamin D to active forms, synthesize hormones such as renin and erythro- 
poietin, and produce enzymes such as urokinase, a plasminogen activator. 
Several of these functions are maintained by human embryonic kidney cells 
(HEK) cultivated in vitro . Biochemical study of these functions in their 
individual cell types in vitro requires purified populations of cells. 
Light-scattering activated cell sorting (LACS) was explored as a means 
of achieving such purifications. It was found that HEK cells at the first 
1-5 passages in culture were heterogeneous with respect to 2-parameter 
light scattering intensity distributions, in which combined measurements 
included forward angle scattering (2.5-19°), 90° scattering, and tirae-of- 
flight size measurements. Size was measured at a resolution of 0.15 pm/, 
channel in 256 channels using pulse-height independent pulse-width measure- 
ments.. Two-parameter distributions combining these measurements were 
obtained for HEK cell subpopulations that had been purified by microgravity 
electrophoresis and subsequently propagated in culture. These distribu- 
tions contained at least 3 subpopulations in all purified fractions, and 
results of experiments with prepurified cultured HEK cells indicated that 
subpopulations of living cells that were high in plasminogen-activator 
activity also contained the highest per cent of cells with high 90° light 
scatter intensity, 

(Supported by National Aeronautics and Space Administration contract 
NAS 9-15584.) 
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INTRODUCTION ; i •< - '■ 

Cultured human kidney cells produce several products, such as renin, 
erythropoietin, vitamin D enzymes, urokinase (UK) and tissue plasminogen 
activator (TP A) . This study focuses on flow cytometric analyses of fractions 
of cells obtained in an attempt to purify cells producing UK and TEA by 
microgravity electrophoresis. As there are four morphological subpopulations 
easily identified in cultures of human embryonic kidney cells (HEK) (domed, 
fenestrated, and large and small epithelioid cells) different types of cells 
should exhibit different light scatter properties. Electrophoretically 
separated kidney cells were therefore analysed, on the EPICS V cell sorter to 
attempt to identify the various morphological types and to attempt to relate 
morphology to enzyme production, 

MATERIALS AND METHODS 

HEK cells obtained from MA Bioproducts were put into a single cell 
suspension using 0.05% trypsin and 0.37% EDTA in saline A and were analysed on 
the EPICS V cell sorter. Two-parameter 4S8nm light scatter distributions were 
obtained (forward angle light scatter and 90 deg Integrated light scatter 
pulse) as well as 90-degree pulse-width "time-of-f light" for cell sizing. Two- 
parameter distributions combining these measurements were obtained for HEK cell 
subpopulations that had been purified by raicrogravity electrophoresis and 
subsequently propagated in culture. 

HEK cells were purified by microgravity electrophoresis on space 
shuttle flight STS-8 (Barlow et al. , 1985). Counts of viable cells were made 
on each sample. The cells were then plated for propagation in tissue culture. 
After allowing time for attachment and flattening, the medium was replaced with 
urokinase production medium (UKPM), and after several days the amount of 
urokinase per sample was determined. The resulting distribution of urokinase 
production among fractions, together with the number of viable cells in each 
fraction, is shown : in Figure 3. Several fractions were further propagated, and 
the per cent of each morphological cell type was determined by phase contrast 
counting of 200 cells in each fraction. 

RESULTS 


The size measuring capability of the ERICS V sorter, which is a pulse 
height independent measure of pulse width using the unintegrated 90-degree 
light scatter signal (time of flight) was calibrated with, different sizes of 
microspheres, and a resolution of 0.45 um/channel was obtained, as shown, in 
Figure 1. Microscopic measurements of HEK cells were also performed using 9,5 
um, 14.5 tim and 20,5 urn microspheres as standards. These results are shown in 
Figure 2, where it is seen that the majority of these passage-1 HEK cells are 
between 15 and 25 um in diameter. 

The integrated 90-degree light scatter signal intensity reflects the 
internal structure of the cell, including granulation (Goolsby, Kunze and Todd, 
1985), nuclear size (Brunsting and Mullaney, 1973), and shape (Latimer, 1978), 
Granular cells should scatter more light at 90-degrees than non-granular cells. 
Forward angle light scatter (2.5-19 degrees) is a measure of size and 
refractive index in live cells (Leary, Hotter and Todd, 1978; Goolsby and Todd, 
1985). Cells with a high refractive index have reduced forward angle light 
intensity. 

Single cell suspensions of these fractions were analyzed on the EPICS Y 


cell sorter. Two-parameter distributions of integrated 90-degree light scatter 
vs time-of-f light, integrated 90-degree light scatter vs foward angle light 
scatter, and integrated 90-degree light scatter vs peak 90-degree light scatter 
were acquired. Two examples of these distributions are shown in Figure 4. 

Each distribution was divided into four regions (Figure 5), and the percentage 
of cells in each region was determined for each fraction (Figure 6). 

A selected portion of these results, along with the uarokinase plus 
tissue plasminogen activator activity and the morphological observations are 
shown in the 3 graphs of Figure 7. 

DISCUSSION 

Results of these flow cytometric light scattering experiments with 
prepurified cultured human kidney cells indicate that subpopulations of living 
cells that were high in plasminogen activator activity also contained the 
highest percentage of cells with high 90-degree light scatter intensity. 


P90 TOF 


50 



5 10 15 

/^SPHERE DI AMETER (/i-m) 


20 


Figure 1. Calibration curve for pulse height independent time-cf-f light sizing 
Using 5, 10, 15, 20pm spheres. Pulse width measurements were made at 50% 

(solid line) and 35% (dashed line) of the peak height of the raw (tmintegrated) 
90-degree (70-110 degree) light scatter signal. 
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Figure 5. A diagram of the method of analysis of the histograms of the type 
shown in Figure 5. Each two-parameter, histogram was divided into four regions, 
and the percentages of cells falling into each region was determined 


o 
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Figure 6« Percentages: of cells falling into each of the 2-parameter regions 
displayed in Figure 5* Region 1 contained debris and was therefore eliminated 
from the further analysis. 
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Figure 3. Post-flight analysis of HEK cells separated by continuous flow 
electrophoresis on Space Shuttle flight STS-8. The fraction number reflects the 
cell surface charge density of the cells; the higher the fraction the higher 
the surface charge density. Urokinase activity per fraction (dashed line) is 
given on the right ordinate, and viable cells per fraction for two separate 
separation experiments (closed and open circles) is given on the left ordinate. 
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Figure 4. Two examples of raw histograms from the EPICS V cell sorter. Four 
two-parameter Light scatter distributions were obtained on each fraction 
available after the Shuttle flight. These are scattergrams of integrated 
90-degree light scatter signals (ordinate) vs of time-of-flight cell diameter 
(abscissa) for two of the separated fraction from the STS-8 experiment. 
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Figure 4. Two examples of raw histograms from the EPICS V cell sorter. Four 
two-parameter Light scatter distributions were obtained on each fraction 
available after the Shuttle flight. These are scatter grams of integrated 
90-degree light scatter signals (ordinate) vs of time-of-flight cell diameter 
(abscissa) for two of the separated fraction from the STS-8 experiment, 
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Figure 7. Comparison of three analyses of cells separated on Space Shuttle 
flight STS-8. Urokinase and TPA activity is given on the top graph. 

Percentage of large epithelioid cells determined microscopically from cells in 
tissue culture is given on the middle graph, and the percentage of cells in 
Region 3 determined by flow cytometry is given on the lower graph. 
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A CLUSTER ANALYSIS METHOD FOR IDENTIFICATION OF SUBPOPULATIONS OF 
CELLS IN FLOW CYTOMETRIC LIST-MODE ARRAYS 


by iZbawWui Li 


ABSTRACT 


Flow cytometric: data often involve up to 6 or 7 measurements on each 
cell , and. the data array usually recorded in "listmode", i.e. a set of 6 
measurements on each cell. Usual method of displaying and analysing such 
data consists of a set of single-parameter histograms built by computer,, 
combinations of si ngi e-parameter histograms of selected cell subpopu— 
lations, or two-parameters histograms. Owing to the two-dimensionality 
of graphic tradition, 6— parameter histograms are seldom displayed or 
analysed. Various methods of cluster analysis have been applied to multi 
dimensional data array, including flow cytometric list-mode data. A spe- 
cialised program was developed for this purpose using an heirarchical 
~ee method for identifying and enumerating individual subpopulations, 
N:hs method of principal components for a tow— di mensi onal display of 6- 
parameter data array,and a standard sorting algorithm for character!:: ing 
subpopulaticns. The program was tested against a published data set sub- 
jected. to cluster analysis and experimental data sets from controlled 
flow cytometry experiments usung a Coulter Electronics EPICS V Cell 
Sorter. A version of the program in compiled BASIC is usable on a 16-bit 
microcomputer with the MS-DOS operating system. It is specialised for 6 
parameters and up to 20,000 cells., Its two-dimensional display of 
Euclidean distances reveals clusters clearly, as does its 1-dimensional 
display. The identified subpopulations can , m suitable experiments, be 
related to functional subpopulati ons of cells,, 

INTRODUCTION 

( ) The list-mode data acquisition method E23 introductsd by cell-sorter 
manufactures!!! provides a very powerful tool available to cytologists, 
but the fulfillment of its promi ss has been limited mainly. ..to display 
af raw or "gated" (selected on the basis of ranges of one Dr mdre para— 
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meter values) si ngl e-parameter histograms or tow— parameter histograms. 
The introduction of multi -angle differential light scattering into flow 
cytometry by Salzman and Mullaaney L33 prompted the development by Goad 
et al.C43 of cluster analysis algorithms to search for "peaks" in n- 
dimensional space, where n could be as high as 32. Other algorithm have 
been developed for the analysis of multi parameter data in general by 
various cluster analysis methods adapted to list-mode flow cytometry 
data C53 , and cluster analysis algorithm have found uses in many fields 
of science 163. 

I he objetive of this research was the development of a cluster analy- 
sis algorithm which fulfilled the following requirements: 

1. Ability to idantify clusters in an array of 6 variables and up to 
20,000 objects. 

2. Programmable on a desk-top microcomputer . 

3. Capable of producing a visually interpretable tow^dimensional display 

4. Capable of characterising the clustered populations on the basis of 
their properties (up to 6 measurements). 

MATHEMATICAL METHODS 

There are tow major steps in cluster analysis that require suitable 
choice of mathematical methods: the search for clusters and the display 
of clusters. As soon as clusters are identified and displayed, the cha- 
racterization of their corresponding populations in variables space is 
needed. This problem is a bookkeeping one. 

1 . Choosing a method for seeking clusters 

In order to group cells Into clusters, some measurement of similarity 
must be defined. Each cell must be compared with every other cell. The 
similarity, between objects in a matrix can be measured in many mays, such 
as, distance, correlation, tar covariance. Two different methods that can 
be used to identify clusters of objects were examined: the agglomeration 
method first finds centroids on the basis of the location in n-dimension 
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the two closest objects and then selects a range to enclose the 
in surrouding space in the specified region and by repeating 


this procedure all (except truly outlying) points can be included in 
several clusters! 73; the method of heirachical trees succesi ve.lv elimi- 
nates pairs of objects (or subcluster) on the basis of those with minimum 
Euclidean distance between them and merges them into clusters CQ3 . 

2. Choosing a method of displaying clusters 


In order to display n-dimensi onal clusters in 1 or 2 dimensions on 
paper or a video screen, it is necessary to choice suitable proceture 
to project n— dimensi ons. 'Jr several different methods available for doing 
this, two methods are convent ent: the first one is the method of principal 
components which uses the covariance matrix of data set tc identify a 
pair of axes,from which all points in n-dimensi onal space are minimally 
H stance — a linear least— squares method of axes alignment C93 ; the second 
one is nonlinear mapping display mathod which minimizes a mapping error 
function by first establishing a pair of axes with random orientation 
and minimizing the distances between data points with respect to diffe- 
rences between random points C10J. 


3. Nomenclature 

Cluster analysis deal with objects , vari abl es-cel I s and’ parameters 
respectively in flow cytometry (although "parameters" are realy vari a— 
bles) . In the di cussi on that follows, the terms' "parameters" and "varia- 
bles" will be used i nter chengeabl ell y . The data arrayed, as in a list- . 
mode data set, as matrix of n variables by m objects,, n parameters by m 
cells, with corresponding indices j=l to n for parameters and i=i to m 
for ceils. Algorithm development (below) was based on an assumed typical 
tuation with n=6 parameters and m=20,GOO calls. The raw value of each 
parameter is x i j , which normally corresponds to a channel number x value 
of the j th variable for the ith cell. 

4. scaling of parameters 


II- 4- 


TO compress and to standardize the scale at parameters and to elimi- 
nate problems introduced by widely descrepant channel values among dif f S' 
rent parameters, a mean parameter value xi for every cel 1 is calculated 
by averaging all 6 channel values, and a standard deviation si is calcu- 
lated for every cell. This produces, instead of the raw matrix with ele- 
ments xij,. the STANDARDIZED matrix with elements si. j: 


si j = (xij-xi)/si ( J ) 


5. Calculation of the distance matrix 

•• 

One measure of similarity between pairs of cells is their proximity 
in 6-parameters space. Using the standardised matrix, the STANDARD EUC- 
LIDEAN DISTANCE dik between all pairs of cells can be calculated by 
Eq. <2> 


These are elements of an MUM matrix, the standard Euclidean distance ma- 
r i x D(I,K) with zero diagonal elements and with the off diagonal ele- 
ments giving the distance between cell i and cell k in n-di mensi onal 
space: 


dik^dki and di 




% <zi j-zkj) 


< 2 > 


D(I ,K>- 



...... dij ...... dim V 

. .... d2 j ... . , d2m \ 



6. The agglomeration method of cluster searching C7.1 

The distance matrix D (I ,K> can be searched as a list, and the lowest-, 
valued matrix el ement dpq identified. This value positions of the two 


cells' p and. q which are closest together „ i .s, , which have the smallest 
Euclidean distance between them: 


n 

dpq= S. iz 

■ V 7 


pj-zq j) 


<4> 


The point midway between them is taken as the first centroid in 6— dimen— 
si onal space. A test sphere with the given radius xs then "draw” in 6— 
dimensional space. All ot he elements within the sphere are aggregated 
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■^surrounding the centroid in the distance matrix D<I,K>. A new centroid 
*can be then located outside the first sphere using the remaining ele- 
ments of the distance matrix D(I,K> and another sphere is "draw” . This 
process is repeated until all elements corresponding the cel Is are inc- 
luded (except outlying data points, if any). 

Selecting centroids may be accomplished with the aid of a two-dimen- 
sional display using the method of principal components, described below. 
Also, a Euclidean distance histogram plot of all values of d i k , numbers 
of dik vs, dik , is a useful visual aid for this purpose, we'll discuss 
this in the "RESULTS" section. 

7. The hirrachical tree method of cluster searching C S3 
As in agglomeration method, the tree method begins with the minimum 
distance matrix element dpq. A new distance matrix D' (I ,K> is then esta- 


f ~ ™ - - r ~ - ~ 

standardised data matrix Z(I,J) ahd by replacing the pth row and pth 


column with the average between the pth and qth row and all other rows of 
matrix Z < I , J > . As this procedure is repeated , some elements in new 2 ' (I , J) 
matrix from which the new distance matrix D' (I ,K> is calculated may be 
individual cells and some may be subclusters. This procedure is repeated 
M-l times, until the cluster tree contains all objects in the original 
set. Criteria for assigning cells to clusters may be guided on the basis 
of the Euclidean distance histogram. 

8. Euclidean distance histogram 

If the Euclidean distance matrix element dik is small, cells i and k 
are very similar; if dik is very large they are very dissimilar. Thus 
one can expect a distribution of similarities, From a distribution of dik 
|H ues, N (dik) vs. dik, a double quids to the application of the ttfo above 
methods is provided? that is, values of dik small enough to belong to a 
Cluster can be ascertained , and values of N(dik) large enough to indicate 


ran ha • i-hnean.. Pi n . 7 l c cilrfi- an HluVnnr-am.- i h uh.i tiac n# rf. It 5 ! 
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ranged -from 0.1 to about 5.0, so the array was divided into 50 classes 
with 0.1 class width. 

9. Two dimensional display by the principal components method C93 
]"he principal components method is to project the 6 dimensions onto 
■fewer axes which represent independent variables that give the structure 
□f the original variables in an opimal way by using the covariance 
matrix to eliminate the redundant information in the correlation matrix. 
This is accomplished first by determining the mean channel zj for each 
parameter: 

yH 

z j = l /mlf si j <5) 


and the standard deviation s.j: 

s. j = J ^ < z i j -z j >* / (m-1 ) 

and the correlation matrix R(L,J) can be defined 

i rll ..... .rl j rln \ 

/ r2 1 r2 j r2n 1 


as follows 


R(L,«J) = 


rl j 


( 6 ) 


rnl ......rnj...... rnn j 

where rlj=clj/(s.l s.j); clj is the element of the covariace matrix and 

n 

cl j~l/ <m-i)X ^ <zil-z. l)X<zi j-z. j> <7> 

The principal component analysis is also called eigenvector analysis. 
The correlation matrix R can be considered as a linear transf ormati on 
that transforms a vector "z.j into a new vector ”u. j in such a way that 
the cells are represented by a new set of variables, each of which is 
a combination of the original variables. This transf ormat i an can be wri- 
tten as 


U-ft *. L < 0 > 

when z satisfies Eg. (9) 

R»z= X t (9) 

then Eq. (9) is called the eigen— equation of R. When t are eigenvectors, 
X* are eigenvalues which correspond the ei gen vectors , and they satisfy 




R.v= X 
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t * r 

ihe AJ reflect the properties of the correlation matrix R , which 
contain the variations of original data and the eigenvector are the pro- 
jections of original variables, so that U=v • z , or 

i 

Uik=»5» vkj X zi j ; k,j=l,2, ,6; i = 1 ,2 ,m (11) 

) 

The U.k are called principal components, each of which is a linear eon- 
bination of the original values of the parametres, and the first two of 
which can be considered as axes. If. 1, U.2. Finally, the 2-di mensi onal 
display is presented as a plot of Uli vs UI2 as if they were orthogonal 
measurents on the Ith cell. 

10. Two-dimensional data display by the method of nonlinear mappingElOH 
To represent several dimensions data in two dimensions as faithfully 
as possible, a procedure has been developed to minimise the so-called 
- japping error E, a single-valued function given by the following rela— 
Towing relationship 


E=l/X (di k*)X % C <dik*-dik>*/'dik*3 


where dik* is the distance between the ith and kth cells in the 2-dimen- 
sional space. For each of the cells, the axes are chosen at random. Thus, 
the Y-position of the ith cell and these two variables will be respec- 


tively. 


y 1 1 y 12 


| Y(i,j)= yil yi2 (13) 

r l : : \ 

^ yml ym2 J 

and the dik* is the Euclidean distance matrix element, and 

dik*- (yij-ykj)*; i,k=l,2,. ,m. (14) 

X: ■ J 1 

t Mow, the objective is to minimize Che sum of squares of the differences 

t- . 

: ^pfcween the Euclidean distances in the 6-dimensional apd 2-di mensi onal 
f representations. This is accomplished by substitution into equation (12) 

; and reiterating with values of ypq for p^l to m cells and q=l to 2 dimen- 


sions: 


3**- 8 


ypq (m+1 ) =ypq <m> - <MF) A pq (m) ( 15> 

where deltapq(m) may be determined -from 

Apq <m) E (in) /"Jypq <m) 3/c\*i E <m> /^ypq (mf | 3 < 16) 

The (m) means the result of the mth iteration, and <MF> is determined 
empirically to be MF=0. 3 or 0.4. 



RESULTS 


The program tested against the published data 

The published data Hill is used to test our program. The results of 
clustering are shown in Fig. i, which is based on the principal component ttts 
method in 2— di men si onal space. The 14 kinds of milk can be identified into 
2,3, or 14 groups according to their fatty acids in it. The group number 
for the best conf i gurati on is given in Table 1. Several kinds of classi 
fications of objects are shown in Fig. 1-1 to 1-5 Respectively. In the 
Fig.l, the number is the sequence number of fatty acid, the asterisks 
represent the positions of the centroids which were calculated in the 
10-dimensional space. In egneral , if the group construction of the data 
is distinct it is convenient to search the clusters within the distance 
matrix in n-dimensi onal space directly without repredicting the centroids 
■From 2-dimensional display. On the contrary, the graphs of 2-dimensional 
display can be used to determine centroi ds ,and . consequently, to accom- 
plish clustering. For example, from Fig.i-4a, #6, #2, #10 and #5 can be 
tested as centroid respectively , then the members of the 4 clusters can 
be determined respectively and the properties of the clusters can- be obtained 
The results of 4— group cluster is shown in Fig. 1— 4b. Usually , a display of 
data in 2-dimensional space is not the same as the calculation in n-dimen— 


si onal space because principal components analysis may lead to 
information and biased representati on. However , our procedure can 


a loss of 
obtain the 
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satisfactory coincidence with each others the search for the centroids 

I 

■*V calculation in n-di inensi anal space orientate in the centre positions 

h. 

of the membership of the cluster in 2-dimensional display,' and the best 
4-group cluster (see Table 1) is the same as the display (#2 and #10 are 
far from the others, e,s., their properties are very different from those 
of the others, they should be a cluster individually, respectively. 


Table 1. NUMERICAL ANALYSIS OF CLUSTERING FOR THE DATA Cll] 



T 

"d 

T / d 

2 

6.90 

14.66 

0.47 

3 

5.42 

IS. 25 

0.30 

4 

5. 13 

27.08 

0. 19 * 

5 

13.96 

17.76 

0.79 


where r is the average between the members of clusters in 10-di mensicnal 
space, d is the average between the distances of centroids, the numbers 
of the first column is the number of the testing clusters. The asterisk 
represents the best eonf iqurition of these 14 objects. 


Flow cytometry experiment 

The 55 of 15,000 cells analysed by flow cytometry were selected at 
random, and classified into several clusters, and the results were repre- 
sented in Fig. 2-1 to Fig. 2-5. For the putative clusters, the centroids are 
expressed with asteri sks. The properties of clusters are given in Table 2 
The first column of Table 2 represents the number of the putative clus- 

« -s in di-f-ferent clustering , the second gives number of the objects in 
» clusters, the last shows ratio of the average distance to the distance 
between the centroids, with which it is convenient to assay the clustering 
in conb.ination with the properties of the clusters. This shows that the 


2-grpup cluster is the best configuration of these 55 cells 


Table. 2. PROPERTIES OF CLUSTERS FOR 55 CELLS 



T 5 

"S’ 

r/d 

2 

11.36 

5.99 

1.90 

3 

19.75 

6. SI 

2. 90 

4 

43.59 

7. 68 

5. 6B 

5 

31.95 

8.45 

-3.78 


where r is the average between the members of clusters in 6-dimensional 
space, the d is the average between the distances of centroids, the 
is the best result o-f 55 cells. 

For the 1360 o-f 20,000 cells, the relative -frequency distributions o-f 
the first two principal components are shown in Fig. 3—1 and Fig. 3-2, res- 
pectively. It is clear that there are obvious constructi ons in them. It 
is best to conbine these two distrbutions to construct a so-called "ad- 
dress" matrix 

A= || ai j || 5 i,j— 1,2, ....... P. 

where p is the number of intervals wuich are selected by an operator 
based on the distributions. As mentioned in the MATHEMATICAL METHODS, P= 
50. The elements ai j concern aspects of the clusters being considered. 
The first is a subscript which indicates the address of the subregion 
that will be a component of the resultant region of cluster and the se- 
cond is the number of the objects in it. They can be used to predict the 
number of each cluster (as below). 

The purpose of this paper is not to discuss the results of the expe- 
riments. To illustrate the approach in matrix A, we expressed some of 
elements of A in the Table 3, which are representative and lie around 
the centroids, for 4-group cluster. 
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TABLE 3. NUMBER AND ORIENTATION DF CELLS IN THE MATRIX A 


123456789 10 U 12 13 14 15 19 20 21 22 23 24 25 26 50 




1 

2 1 

11 1 2 12 1 
3 2 13 2 

1 2 1 3 3 2 1 

1 3 4 5 2 3 3 2 

2423342 2 

2 2 2 1 3 2 3 2 

1 2 2 3 1 3 1 2 3 3 

1 1 11 4 1 1 


2 

2 1 1 
1 


1 

1 


1 

tr 

i 

1 

■—* 
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3 2 

1 


5 

i 

i 

-1 


2 




1 1 


4 

1 

i 


1 

“f 

+9 

1 

n 


1 2 

4 

9 

1 

X 

2 


1 3 3 

4 

6 

2 

1 

i 

1 2 9 

X, 

T 

•-< 

*9 

3 

■~y 

1 5 

5 

ts* 

l 


1 

2 7 

1 

3 

l 

3 

l 

4 >~y 

A. i X. 

5 


9 

i 

*9 

4 ■!> 

2 

2 




1 3 


i 

3 

i 


2 1 

1 

1 

2 

i 

2 

5 

*7* 

*9 


i 



24 

i 

1 


1 



1 



1 



.1 

6 

2 

4 

1 


25 

3 

2 

1 

1 



1 3 

1 


2 1 

1 


1 

1 

7 

3 

5 

i 

26 

1 


1 

3 



1 






1 

6 

7 

1 

1 

i 

27 


2 








1 1 

1 

1 


7 

9 

X 

1 


i 

28 

2 

1 

5 

3 

1 

1 

1 

1 




1 



7 

1 


i 

29 


3 

2 




1 

1 


1 




1 

3 

1 

1 

i 

30 


3 

2 

1 

1 

i 

2 1 


1 

1 



~T 

9 

5 




C* 1 



1 

3 

2 

1 

2 


1 

1 





3 

1 
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i 

'9 
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2 

4 


1 

1 


1 

1 
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•! 

w 

1 



33 




'9 

-L 



1 2 


1 

1 


1 



3 

V 

Xm 

3 

2 


I 34 
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■ 
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In Table 3, each of numbers represents the quantity of the cells. The 
position occupied by the number depends on the properties of cells. In 


i other words, the properties of cells 


lints in clusters, but the distance 


determine not only the density of 
between the clusters. As a conse- 


quence, the properties of clusters can illustrate the extend of success 

f' 

| of the experiment. 

I To test the cluster with A ( I , J ) in combination with the distributions 


12- \X 


of Fig. 3 and to evaluate the cl aster ing , the numerical data are needed. Far 
each of various putative clusters, the distribution of membership is consi- 
dered as normal. The mean can be regarded as the centroid, the orienta- 
tions of which can be pridicated on the address matrix, based on the re- 
lative frequency distributions of the first two principal components. If 

the objects are grouped into two clusters, the 17th interval of the fir — 

/ 

st principal component can be considered as the boundary. The frequency 

distribution of the second can be considered as i n equal probability 

■ 

prox imatel y. As a result, the centroids are located at the A<9,20) and 
A (26,20) respectively. The distance between the centroids is 1.70. The 
width of clusters can be expressed by the average area which is occupied 
by each of objects in the cluster, or by the density of the objects in 
the cluster. Similarly , the centroids distributions between the centroids 
and densities can be calculated for the case of the 3— group cluster and 
ths 4-yroup cluster. The results are shown in Table 4. 



Table 4. 

compar i si on 

of different group cluster 




boundary 

centroids 

densi ty 

average 

distance 

average 

w 


(relative) 
x y 

(x , y) 

> 

wei ghing 

<7 ) 

control ds 

(ci > 

of d ' s 

<«r> 

(Jxd) 

1 

1,18 1,37 

(9,20) 

0. 72 





4m 




o.es 

1 . 70 

1.70 

1.44 

2 

19,41 1,37 

(26,20) 

0.94 





i 

1,18 1,37 

(9,20) 

0. 72 


1 . 66 



3 2 

19,26 1,19 

(23,11) 

1.01 

0.91 

2.29 

1.99 

1.81 

.j 

19,41 1,39 

(30,29) 

0 . 93 


2. 03 



1 

1,8 5,14 

(7,12) 

0.86 


1 . 60 
1 . 58 

2.86 



■p 

4 

19,26 1,19 

(23,11) 

1.01 

0.90 

1.96 

1.76 

1.94 

•j 

1,18 5,39 

(12,27) 

0.77 


1.93 



4 

19,41 1,39 

(30,29) 

0.93 


1.81 




where the first column represents the quantity of the putative clusters. 
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the second the number of clusters. The numbers in the "boundary 1 * and the 

© 

jr :sntroids" two columns correspond the subscripts of matrix A(I,J>. The 
last column represents the products of the average distance between the 
centroids and the weighing average of the density in the case of several 
grouping.lt is clear that the bigger the W ,the higher the distinctness. 
W depends on the properties of the data, from which the best three-group 
cluster is obtained. The result is coincidence with flow cytometry. 

Finally, the requirement in cluster analysis is capable of characte- 


rising the clustered 

popul ati ons 

on the 

basi s of 

their properties 

. There' 

fore, the 

appl ication 

of clustering techniques to 

the field of flow cyfo 

metry can 

give us information on 

which cells behave in a similar 

manner 

and what 

parameters 

they possess 

in common. Several data are shown in 

Table 5. 







O 

TABLE 5. 

PARAMETERS OF CELLS 




^ >osi t i on 

# of cells 

parameters 





UV/48 

LPUV 

LIUV 

LP48S LI 408 

FALS 


565 

77 

146 

38 

74 28 

130 


697 

61 

28 

21 

105 32 

107 

ft (6 , 10) 

1094 

62 

255 

105 

17 171 

29 


1172 

139 

122 

192 

166 123 

110 


384 

138 

128 

177 

107 95 

162 


508 

81 

64 

22 

31 133 

123 

A (23 , 9) 

857 

150 

126 

5 

0 6 

159 


935 


4 

44 

0 125 

112 


734 

76 

61 

33 

131 151 

0 


755 

106 

91 

24 

141 148 


\p(30,23> 

910 

25 

o 

123 

105 62 

2 


1004 

61 

SO 

134 

1 15 72 

60 


In Table 5, the first column represents position of cells in matrix 


A(I,J>,the second the numbers of cells, the last six columns the parame- 
ters of cells. 

D I CUSS I ON 

Different methods of testing cluster r 123 are used by different inves 
tigators. The width of clusters and the distance between the centroids 
are preferable. But, the parameters of clustering procedure are not al- 
ways appropriate to evaluate the different clusters with different mor- 
phology in the parameters space, and to appreciate the differences of 
classification, from which the bast group cluster can be obtained. We 
used the average distance between objects instead of the largest distance 
which is considered as the width of the cluster. For example, in iden- 
tifying the fatty acid in milk, we found that the 4-group cluster is the 
best configuration of the objects and the #2 and #10 are considered as 
two individual subci usters. For the flaw cytometry experi ment , the data is 
in a 1 i st-mode , the result of clustering 55 cells which were selected at 
random is not the same as that of the 1340 cells': 2-group cluster is the 
best for the former and 3-group cluster for the latter because of statiis 
ties. Though our method of testing clusters which is based on the relative 
frequency distribution of principal component requires as many objects as 
possible to accquire good statistical properties, it needs much smaller 
computer space and shorter computation time than that the distance matrix 
method, which asks for at least 2000k BM for 1000 cells. 

We assume that points within clusters have (3AUSSIAN distribution and 
the projections on these two principal components are normal. If the data 
have no substructure, the frequency distribution of projections will be 
single modal, as shown in Fi g. 3 ,Fi g. 4-1 and Fig. 4-2, If the data have 
some substructures the distribution of the relative positions of the 
points in the pattern of paints in the reduced space will be multi group 
and the frequency distributions of the projections will be compl ex ,usaul 1 
multimodal . The results are shown in Fig, 5-1 .Fiq.5-2.Fiq.6-l .Fig. 6-2. 


which 
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( jppear to be reasonable for the parameters of cells. According to the 
properties of the frequency di str i buti ons , t he boundary and centroid of 
the cluster can be determined and the numerical criteria of clustering 
can be obtained, as shown in Table 4. 

Fig. 7 shows the frequency distribution of elements of the distance 
matrix D(I,K) in ft— d i mensi on a 1 space, which is the same as those of the 
pro jact ions. This frequency distribution can be used to determine there 

is any substructureC 121 , and to group objects into clusters by measuring 

» 

the^X of the frequency distribution of the interpoint distance in putative 
cluster and that of the interpoint distance distributed at random in the 

■x 

cluster. In the results of former exampl es , the/C^ <are not given because 
there are not enough points in the cluster to obtain the satisfactory 
stat i sties. 
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